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Nanocomposite materials have been receiving considerable attention in wastewater treatment 
due to their improved photocatalytic efficiency. However, solutions are needed to cope with 
problem arise from the formation of titanium dioxide (Ti02) slurry in the treated water. In this 
context, the possibility to use photocatalytic magnetic nanoparticles to ease separation from the 
treated water offers an appealing solution. A facile non-thermal method was applied to 
synthesize a hybrid nanocomposite consisting of Ti02/caicium alginate (Alg) and magnetite 
nanoparticles (FeNPs) referred to as AIg/Ti02/FeNPs. The efficiency of AIg/Ti02/FeNPs was 
assessed for the removal of methylene blue (MB) and a mixture of three heavy metals (MHM) 
consisting of Cr(III), Cu(II) and Pb(II) ions in aqueous solutions under ultraviolet (UVC) 
irradiation (/...=254 nm). The potential of adsorbent Alg as a barrier to prevent direct contact 
between magnetic core and Ti02 was investigated by varying the concentrations of sodium 
hydroxide (NaOH) and Alg. The performance of four different synthesized AIg/Ti02IFeNPs 
samples (AIglTi02IFe-l, AIg/Ti02IFe-2, AIglTi021Fe-3 and AIg/Ti02/Fe-4) was found to be 
fairly comparable and stable based on their efficiency in removing MB from aqueous solution 
due to the physico-chemical characterization (surface morphology, functional groups, and 
elemental analysis) which supports the performance of AIg/Ti02/FeNPs. For the optimization 
study using the response surface methodology (RSM) with three factorial Box-Behnken 
experimental designs, 0.2 g of AIg/Ti02/Fe-2 was chosen as it exhibited the highest MB 
removal of 97.6% for an initial concentration of 5 ppm of MB after 120 min treatment under 
UYC irradiation. Among the three independent variables studied (i.e., pH, contact time and 
initial MB concentration), the initial concentration of MB had significant effect towards the 
MB removal performance. A recycling study was done and confirmed the stability of 
Alg/Ti02lFe-2 up to 3 cycles, with only a slight drop in the removal efficiency from 93.1 % to 
iv 
88.5%. For MHM removal, 0.6 g of AIglTi02IFe-2 was selected as the optimized adsorbent 
dosage. Similar parameters as in MB removal were investigated for the removal of MHM using 
RSM via Box-Behnken design. Removal percentages of Pb(II), Cr(III), and Cu(lI) ions in the 
aqueous solution mixture solution were 99.6%, 98.6%, and 98.4%, respectively under 
optimized conditions ofpH 6.80 and 44 ppm within 72 min of irradiation. The removal ofPb(lI) 
ions was the highest as it exhibited the smallest degree of hydration of metal ions precursor 
compared to Cr(IlI) and Cu(II) ions. Thus, this made Pb(U) ions to be easily adsorbed onto the 
surface of AIg/Ti02/Fe-2. The recycling experiments showed no significant changes with only 
slight increment ofPb(lI) ions in the second cycle when the AIglTi02IFe-2 beads were retrieved 
and reused in three consecutive cycles of the heavy metals removal. This finding again 
confirmed the stability of AIglTi02IFe-2 when reused repeatedly in the photocatalytic treatment 
of multi-heavy metals solution. Hence, the fabricated AIglTi02/FeNPs nanocomposites could 
be a potential functional material for treating artificial dye and heavy metals laden wastewater. 
Keywords: Photocatalysis, adsorbent, response surface methodology, Fe304 nanoparticles, 
titanium dioxide, heavy metals, dye 
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Kecekapan Hibrid Magnetik AlglTiOliFeNPs bagi Penyingkiran Bahan Pencemaran Air 
A BSTRAK 
Peningkatan kecekapan pemfotomangkin dalam bahan komposit-nano melalui rawatan air sisa 
telah menerima perhatian yang menggalakkan. Walaubagaimanapun, beberapa kaedah 
diperlukan bagi mengatasi masalah pembentukan ampaian titanium dioksida (Ti02) dalam air 
yang telah dirawat. Bagi memudahkan pengasingan daripada air yang telah dirawat, zarah­
nano magnetik pemfotomangkin berpotensi menawarkan kaedah yang bersesuaian. Satu 
kaedah bukan-termal yang mudah telah diaplikasikan untuk mensintesis komposit-nano hibrid, 
terdiri daripada Ti021kaisium alginat (Alg) dan zarah-nano magnetik (FeNPs) atau lebih 
dikenali sebagai AlgITi02IFeNPs. Keberkesanan AlgITi02iFeNPs telah dikaji melalui 
penyingkiran metilena-biru (MB) dan campuran antara tiga jenis logam berat (LBC) iaitu ion 
Cr(III), Cu(II) dan Pb(II) dalam larutan akueus di bawah penyinaran ultralembayung (A=254 
nm). Potensi zat penjerap Alg sebagai sempadan hubungan langsung antara teras magnetik 
dan Ti02 telah dikaji dengan mengubah kepekatan natrium hidroksida (NaOH) dan Alg. 
Berdasarkan kecekapan sampel AigITi021FeNPs (AlgITi02IFe-1, AlglTi02IFe-2, AlgITi02IFe­
3 dan AlgITi02IFe-4) dalam penyingkiran MB daripada larutan akueus, semua sampel telah 
menunjukkan prestasi yang hampir sama dan stabil disebabkan oleh ciri-ciri fisio-kimia 
AlgITi02iFeNPs (sifat permukaan, kumpulan fungsi, dan komposisi analisis). Kajian 
pengoptimuman melalui kaedah Gerak Balas Permukaan (GBP) dengan rekaan eksperimen 
Box-Behnken tiga faktorial telah menggunakan 0.2 g AlgITi02IFe-2 kerana ia menunjukkan 
penyingkiran MB yang tertinggi iaitu 97.6% selepas 120 minit pada kepekatan 5 ppm MB. 
Dalam tiga pembolehubah bebas yang telah dikaji (seperti pH, tempoh masa, dan kepekatan 
awal MB), kepekatan awal MB mempunyai kesan signifikan terhadap prestasi penyingkiran 
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MB. Kajian kitar semula yang telah dijalankan telah membuktikan kestabilan AlgITi02IFe-2 
melalui tiga kitaran, dengan hanya sedikit penurunall penyingkiran MB daripada 93.1% 
kepada 88.5%. Bagi penyingkiran LBC, 0.6 g AigITi021F e-2 telah dipilih sebagai dos optimum. 
Kajian penyingkiran LBC menggunakan parameter yang sama dengan penyingkiran MB iaitu 
malalui RSM dengan reka bentuk Box-Behnken. Pada tahap optimum iaitu pH 6. 80 dan 44 ppm 
dalam tempoh masa penyinaran selama 72 min, kadar penyingkiran logam campuran ion 
Pb(II), Cr(III) dan Cll(II) dalam larlltan akueus adalah masing-masing 99.6%, 98.6%, dan 
98.4%. Penyingkiran ion Pb(II) adalah yang tertinggi kerana ia menunjukkan tahap 
penghidratan ion prekursor logam yang paling rendah berbanding ion Cr(II) dan Cu(II). 
Dengan ini, ion Pb(II) boleh menjerap dengan mudah ke atas permukaan AlglTi02IFe-2. 
Kajian kitaran semula mendapati bahawa tiada perbezaan yang ketara dengan hanya sedikit 
peningkatan peratllsan penyingkiran ion Pb(II) pada kitw'an yang kedlla apabila AlglTi021Fe­
2 diambil dan digllnakan semula dalam tiga kitaran berturut-turllt bagi penyingkiran logam 
berat. Hasil kajian ini telah membllktikan kestabilan AlgITi02IFe-2 setelah digunakan 
bernlangkali di dalam rawatan pemfotomangkin llntllk larutan pelbagai logam berat. Oleh hal 
yang demikian, komposit-nano AigITi021FeNPs ini boleh menjadi salah satu bahan yang 
berpotensi llntllk merawat pewarna timan dan logam berat di dalam air sisa. 
Kata kunci: Pemfotomangkin, penjerap, gerak balas permllkaan, zarah-nano Fe304, titanium 
dioksida, logam berat, pewarna 
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1.1 General Introduction 
Water pollution has been recognized as one of the major global environmental issues 
due to its considerable impacts to the aquatic ecosystems and human health. In light of water 
pollution, it is becoming extremely difficult to ignore the existence of two types of water 
pollutant namely dyes and heavy metals. The existence of dyes and heavy metals in the 
environmental components are typically resulted and heightened from various industrial 
activities such as textiles, printing, electroplating, industrial wastes, agricultural and mining 
activities (Rafatullah et al., 20 I 0; Onundi et al., 2011; Zeitoun & Mehana, 2014). As both dyes 
and heavy metals are known for their persistent and non-biodegradable characteristics when 
present in the aquatic environment, the arising toxicity and carcinogenicity of these toxic 
pollutants remains of a great concern (Aguedach et al., 2005; Nassar et al., 2015; Edokpayi et 
al., 2016). As such, the removal of these pollutants from wastewater has been attracting a lot of 
interest. 
Conventional wastewater treatments such as flocculation, coagulation, precipitation, 
membrane filtration, and adsorption have been reported to produce low efficiency in removing 
contaminated wastewater consisting ofdyes and heavy metals (Roussy et al., 2005; Behbahani, 
2013; Dargo et al., 2014). Several limitations commonly encountered when using these 
conventional water treatment technologies are incomplete removal oforganic compounds, since 
they are only converted from liquid phase into the solid phase (Bet-moushoul et al., 2016), high 
operating costs (Boczkaj & Fernandes, 2017), high chemical consumption (Fu & Wang, 2011), 
and also the formation of toxic by-products (Gaya & Abdullah, 2008; Dong et al., 2015). 
However, among the conventional wastewater treatment methods, adsorption has been 
recognized as one of the most efficient and practical ways to eliminate both dye and heavy 
metals from wastewater (Forgacs et al. , 2004; Kalantari et al., 2014). Adsorbents such as alum, 
ferric chloride, and activated carbon have been typically applied for the removal of water 
pollutants. Nonetheless, this method is also confined to several drawbacks, such as the 
continuous accumulation of pollutants or adsorbate on the surface of the adsorbents without 
decomposition, generation oftoxic secondary pollutants, and also incomplete pollutant removal 
(Costa et al., 2012). Therefore, most of the afore-mentioned processes are restricted to their 
own limitations to remediate dye and heavy metals contaminated wastewaters. A new approach 
or an improvised adsorption process becomes necessary to overcome these limitations. 
In this context, titanium dioxide (Ti02) photocatalysis, an advanced oxidation process 
(AOP) has been regarded as a promising alternative approach in various wastewaters 
purification due to its ability to mineralize recalcitrant pollutants into non-toxic products such 
as C02, H20 and mineral acids (Narayana et al., 2011; Costa et al., 2012; Baloyi et aI., 2014; 
Kanakaraju et al., 2015). Typically, AOPs are based on the utilization of powerful oxidants 
such as hydroxyl radicals (·OH), ozone and fluorine. Series of oxidation-reduction processes 
resulting from Ti02 photocatalysis are able to degrade the organic pollutant like dyes into a 
simpler compounds and even mineralizing the parent dye compounds into C02 and H20 
(Boczkaj & Fernandes, 2017). In the case of inorganic metal ions in water, Ti02 photocatalysis 
has been reported to be able to reduce the metal ions to its lower valence state (Farzana & 
Meenakshi, 2015). Ti02 is said to be one of the most effective semiconductor photocatalysts 
because it exhibits higher photocatalytic behaviour compared to its counterparts, such as ZnO 
and Si02(Shi et aI., 2012). Additionally, Ti02 properties, such as high surface to volume ratio, 
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non-toxic, low cost and photochemical stability have considerably contributed to its wide 
application in water treatment (Nasikhudin et aI., 2017). 
Albeit being considered as one of the most preferable semiconductors in wastewater 
purification, Ti02 has several drawbacks such as the quick recombination of the photo-created 
electron-hole pairs, low electrochromic efficiency and large band gap (3.2 eV for anatase and 
3.0 eV for rutile) which absorbs only 3-5% of solar light and can be excited only by ultraviolet 
(UV) light (A. ~ 400 nm) (Jiang et aI., 2007; Kumar & Devi, 20 II ; Nasirian & Mehrvar, 2016). 
Modifications of the electronic and optical properties of titania have been the main interest 
among researchers to deal with these prevailing limitations. Another well recognized drawback 
ofTi<h is the fine or nanosized particles which has restricted its application to small-scale water 
treatment due to the difficulty encountered in recovering the nanoparticles after treatment 
(Kanakaraju et ai., 2015). The reclamation of Ti02 fine powders at the post-treatment stage 
often incurs additional cost. 
One approach that has been adopted to improve Ti02 separation from water is by 
immobilizing Ti02 photocatalyst on suitable supports or adsorbents. Several supports that have 
been used, thus far, to immobilize Ti02 are chit os an, alginate, glass substrate, and agarose 
(Kimling & Caruso, 2012). Among them, alginate (Alg), which is a natural adsorbent, has 
recently caught the attention of researchers due to its effectiveness in the adsorption of water 
pollutants (Kanakaraju et ai., 2017). This polysaccharide is abundantly available in nature, non­
toxic, and an inexpensive biopolymer. Many researchers have utilized this material as an 
immobilization carrier for enzyme and biomass (Kanakaraju et ai., 2017). Therefore, its ability 
to form hydrogels with controlled shapes has made it a potential adsorbent to immobilize or 
encapsulates Ti02. 
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An increasing number of studies have been conducted on magnetite nanoparticles 
(MNPs) primarily magnetite (Fe304) nanoparticles (NPs) in wastewater treatment (Xu et al., 
2012; Villa et al., 2016). Fe304 nanoparticles have high adsorption capacity due to their high 
surface area to volume ratio. Indeed, one might anticipate that combining Ti02 and Fe304 NPs 
would offer a more sustainable application for water treatment compared to the suspended fonn 
of Ti02. As incorporation of Fe304 NPs with Ti02 making the process of recovering and 
recycling Ti02 easier thus reducing cost (Harifi & Montazer, 2014). However, one of the 
limitations of this approach is that the direct contact between the Fe304 NPs cores with Ti02 
shell may lead to low photoactivity because Fe304 NPs core could react as the recombination 
center for electron and positive holes (Lucas et al., 2013). 
Based on the above considerations, this study was designed to synthesize a 
multifunctional composite based on AIg/Ti02/FeNPs where adsorption capability of Alg is 
combined with mineralization capability of Ti02 associated with magnetic separation of iron­
based nanoparticles. This multifunctional material is needed to combine adsorption with 
degradation capabilities by following a "catch and destroy" approach. Since direct contact 
between Ti02 and Fe304 nanoparticles could potentially affect the photocatalytic activity, the 
role ofAlg as a barrier between Ti02 and F e304 nanoparticles has been investigated to enhance 
the performance efficiency of the nanocomposite material. 
The efficiency ofthe Ti02 photocatalysis is known to be affected by various parameters 
such as solution pH (Akpan & Hameed, 2009), initial concentration of solution, contact time 
(Reza et al., 2017), and the adsorbent dosage (Kumar, 2017). The importance of these operating 
parameters have been confinned in various photodegradation studies (Saien et al., 2014; 
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Aljuboury et al., 2015). Therefore, it is important to obtain an optimization of these parameters 
in related studies to achieve a maximum degradation efficiency for the desired pollutant. 
In this study, the efficiency of AIg/Ti02IFeNPs was investigated on two model 
pollutants namely methylene blue (MB) and mixture of three heavy metals (MHM) solution 
consisting of Pb(lI) ions, Cr(lll) ions and Cu(II) ions. The removal of MB has been reported 
using alginate-clay quasi-cryogel beads (Uyar et aI., 2016), magnetic microsphere with sodium 
alginate and activated carbon (Li et al., 2017), chemical activated carbon prepared from 
jackfruit (Artocarpus heterophyllus) peel waste (Hasbullah et al., 2014), and Ti02/Ca-Alg 
beads (Albarelli et al., 2009). In contrast to studies on single heavy metal species, removal of 
MHM has received scant attention. Only several reports on the removal of MHM can be found 
in literature. For instance, removal of multi heavy metals have been reported using carbon 
nanotubes-granular activated carbon for the removal of Pb(lI) ions, Cu(lI) ions and Ni(lI) ions 
(Onundi et al., 2011), Alg-goethite beads for the removal of Cr(lll) ions and Cr(lV) ions 
(Lazaridis & Charalambous, 2005), and polysaccharides for the removal of Hg(lI) ions and 
Pb(II) ions (Son et aI., 2004). 
Thus far, no report has investigated the use oftrifunctional Alg/Ti02IFeNPs composite 
beads for the removal of both MB and MHM. Response surface methodology (RSM) which is 
a great tool for rapidly optimizing the parameters to obtain the highest photodegradation 
efficiencyofMB and MHM. RSM also allows optimization of multiple independent variables 
through different level combinations of the variables studied with limited number of trials 
(Bezerra et al., 2008; Aravind et al., 2015). This could reduce the number of experiments to be 
conducted and thus provide more efficient and economical way to obtain optimized condition 
for an experimental design (Toemen et al., 2014). 
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1.2 Problem Statements 
Ti02 photocatalyst is regarded as one of the most promising heterogeneous 
photocatalysts owing to its high photocatalytic activity, low cost and strong oxidizing power. 
Although application of Ti02 in a suspension is known to be efficient for photocatalytic 
oxidation ofvarious recalcitrant compounds, such an approach requires post separation method 
at the end of the treatment process. Additional separation methods besides time consuming can 
also be uneconomical due to high cost involved in catalyst recycling. To overcome the 
separation ofTi02 nanoparticles, immobilization ofTi02 has been proposed as one ofthe viable 
options. Nevertheless, the efficiency of supported Ti02 may lead to a decrease in 
the photocatalytic efficiency of the catalyst due to a mass transfer limitation as a result of a 
reduction in the specific surface area. Alg, a natural biopolymer which is capable of forming 
stable hydrogels was used as a support and immobilization carrier as its potential for these 
purposes have not been well explored. Among magnetic photocatalytic systems developed so 
far, Ti(hIFe304 has drawn much attention due to the high magnetic properties and low toxicity 
ofFe304. However, the direct contact between the Ti02 shell and Fe304 magnetic cores have 
been reported to cause low photoactivity. Ti02 can oxidize Fe304 thus reducing the magnetic 
moment. Thus, this study was proposed to prepare photocatalyst, AIglTi02/FeNPs with triad 
functions through the incorporation of magnetic property, photocatalytic activity, and 
adsorption. The AIglTi02/FeNPs beads which was synthesized by employing a facile non­




1.3 Research Question 
a. 	 Can the AIg/Ti02/FeNPs beads effectively remove MB and MHM from the aqueous 
solution? 
b. 	 What is the correlation between physico-chemical properties of combined 
AIg/Ti02/FeNPs beads with its photocatalytic activity? 
1.4 Objectives 

The main objective of this study was to synthesize AIg/Ti02IFeNPs beads for the removal of 

MB and MHM in the aqueous solution. 

The specific objectives of this study were to: 

a. 	 prepare AIg/Ti02/FeNPs beads by varying the synthesis conditions such as 
concentrations of NaOH and Alg, 
b. 	 characterize the synthesized AIg/Ti02IFeNPs beads for crystal structure, surface 
morphology, and functional groups, 
c. 	 optimize the independent variables for the removal ofMB and MHM such as pH, initial 
concentrations and contact time by AIg/Ti02/FeNPs beads in the aqueous solution by 
employing RSM, 
d. 	 compare the efficiency of the optimized AIg/Ti02IFeNPs beads to remove MB and 
MHM under different conditions, 




et al., 2008). 
CHAPTER 2 
LITERATURE REVIEW 
2.1 Advanced Oxidation Processes (AOPs) for Wastewater Treatment 
Existing conventional wastewater treatment methods have been labelled as inefficient 
in removing myriads of hannful, toxic, and stable compounds such as heavy metals, dyes, and 
pharmaceuticals originating from industrial effluents. The contaminated industrial effluents are 
usually discharged into the water system untreated or inadequately treated (Krishnan et al., 
2016). Conventional water treatment methods such as filtration and flocculation, ion exchange, 
solvent extraction, activated carbon adsorption, and membrane separation have been applied 
with the aim to improve the quality of the contaminated effluents (Tabatabaee et al., 2014). 
However, these methods seem not to be economically viable due to their high operating costs 
(Wahi et al., 2010). Besides, incomplete removal or degradation of toxic water pollutants can 
cause the accumulation of contaminants that require additional post-treatment processes (Mota 
The adsorption method has been widely applied in wastewater treatment compared to 
the other conventional methods due to its efficiency in removing both inorganic and organic 
water pollutants (Rafatullah et al., 2010). The most commonly used adsorbents are activated 
carbon, zeolite, and biomass (Wan Ngah et ai., 2011; Zheng et al., 2013). However, the 
adsorption technology merely transfer the pollutants from the aqueous phase to the adsorbent 
phase (Wahyuni et al., 2015). As a consequence, the pollutants will accumulate on the adsorbent 
surface to fonn more toxic waste which is usually disposed to the landfills and the regeneration 
adsorbent can become more tedious (Lam et al., 2012; Qiusheng et ai., 2015). In view of 
drawbacks, an emerging method known as advanced oxidation processes (AOPs) has been 
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recognized for its efficiency to remove various carcinogenic and persistent pollutants that are 
present in wastewater (Stasinakis, 2008). 
AOPs consist of several methods including radiation, photolysis, photocatalysis, 
sonolysis, electrochemical oxidation, Fenton, photo-Fenton, and ozonation (Wang & Xu, 
2012). The effectiveness of AOPs in removing water pollutants such as dyes and heavy metals 
has already been proven by existing studies (Kansal et at., 2007; Ajmal et at., 2014). AOPs can 
be defined as a redox process that involves the generation of reactive oxygen species (ROS) 
such as hydroxyl radical (·OH), 03, H202 and superoxide anion radical (0;-) (Krzeminska et 
al., 2015). These ROS, primarily ·OH radicals serve as a strong oxidant that can oxidize organic 
compounds into shorter and simpler molecules like C02, H20, and inorganic salts (Fox & 
Dulay, 1993; Wahyuni et at., 2015; Boczkaj & Fernandes, 2017). On the other hand, reduction 
of heavy metal ions can also occur through AOPs, thus producing a non-toxic metal form 
(Barakat, 2011). 
Among the ROS, ·OH radical is the most reactive free radical. It exhibit distinctive 
properties such as short half-life, can be easily generated with a strong oxidant and electrophilic 
behaviour, ubiquitous in nature, and practically non-selective (Boczkaj & Fernandes, 2017). 
Moreover, high oxidation potential (EO = 2.80 V) of ·OH radicals are able to speed up the 
oxidation reaction rates ofcompounds compared to its other counterparts except fluorine, which 
has a higher oxidation potential (EO = 3.03 V) (Krzeminska et at., 2015). Although fluorine 
exhibit a higher oxidation potential, its high toxicity has made ·OH radicals to be more preferred 
m wastewater treatment (Yonar, 2011). Table 2.1 shows the oxidation potential of oxidants 
involved in AOPs. 
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Table 2.1: The oxidation potential of several chemical oxidants 
Oxidant Oxidation potential (V) 
Fluorine (F2) 

Hydroxyl radical (-OH) 





Hydrogen peroxide (H202) 

Hypobromous acid (HBrO) 



















Source: Krzeminska et ai. (2015) 
The main advantage of AOPs over conventional methods is the conversion of organic 
and inorganic pollutants to a simple form of compounds or C02 and H20 with no sludge 
production, which eliminates the requirement of other treatment stages (Elmoubarki et ai. , 
2017). The oxidation process can occur in three ways including radical addition (Eq. 2.1), 




AOPs used in wastewater treatment can be classified into two main classes namely 
photochemical and non-photochemical (Table 2.2) (Buthiyappan et aI., 2016). Photochemical 
. a reaction which includes the generation of free radicals in the presence of UV light, while 
DOll-photochemical is the generation of free radicals without the presence of UV light (Quiroz 
et al., 2011). Titanium dioxide/UV light process, hydrogen peroxide/UV light process, and 
anton's reaction are among the most popular AOPs used in wastewater treatment, due to their 
ciency in generating -OH radicals (Munter, 2001). It has been reported that these methods 
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exhibit high oxidation rates and generates more ·OH radicals to mineralize organic and 
inorganic water pollutants (Stasinakis, 2008; Vilhunen & Sillanpaa, 2010). 
Table 2.2: Classification of AOPs 
NOD-photochemical AOPs Photochemical AOPs 
Alkaline media ozonation Fenton and Fenton-like reactions 
Fenton reaction Heterogeneous photocatalysis 
0311-1202 UV/H202 
Electrochemical oxidation UV/03 
Hydrodynamic/ultrasonic cavitation 
Sub/super critical water 
Source: Quiroz et al. (2011) 
2.1.1 TiOz Photocatalysis 
In 1972, Fujishima and Honda reported the photoelectrochemical decomposition of 
water under UV irradiation using rutile Ti02 as the anode and Pt as the cathode (Carp et al., 
2004). Their findings revealed that oxidation occurred at the Ti02 electrode while the reduction 
reaction at the Pt electrode. Subsequently, in 1977, a photocatalytic approach was first 
employed by Frank and Bard for the photodegradation of cyanide in water by utilizing Ti02 
powder as the photocatalyst (Fujishima & Zhang, 2006). This discovery gained the interest of 
other researchers to use the electron splitting mechanism in environmental applications, 
primarily wastewater treatment. 
Photocatalysis can be defined as a photoreaction that is accelerated with the aid of 
catalysts (Deng & Zhao, 2015). A catalyst is a material that will not be consumed in a reaction 
but is utilized to lower the activation energy in order to increase the rate of the reaction. 
Photocatalysis degrade the pollutants by the following steps (Hemnann, 1999): 




2. Adsorption of a least one of the pollutants 
3. Reaction in the adsorbed phase (photocatalytic reaction taking place) 
4. Desorption of the product(s) 
S. Removal of the products from the interface region 
Ti02 photocatalytic reaction occurs upon the UV (photon) irradiation absorbs an energy 
with energy equal or higher than the band gap energy, E.g. (3.2 eV for anatase), resulting 
electron-hole pairs. Figure 2.1 shows the mechanism of the excitation of electron from the 





figure 2.1: Schematic diagram demonstrating the principle of Ti02 photocatalysis with the 
presence of water pollutant (RH) (Source: Dong et al., 2015). 
The electron-hole pair will eventually react with OH-, H20 and 02 that are present on 
surface ofTiD2 to fonn ·OH and 02'- radicals. These radicals will consequently degrade the 
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adsorbed organic pollutant present on the photocatalysts surface (Lan et at., 2013). The series 
ofreactions that are involved in the photocatalytic reactions are shown below (Eqs. 2.4 - 2.7): 
Ti<h + hv - e-CB + h+ VB (2.4) 
h+VB+ OH- (surface) - ·OH (2.5) 
h+VB + Hi) (absorbed) ---+ ·OH + H+ (2.6) 
(2.7) 
However, some of the electron-hole pairs may eventually recombine and the input 
energy may be lost as heat, get trapped in metastable surface states, or react with electron donors 
and electron acceptors that are adsorbed on the semiconductor surface or within the surrounding 
electrical double layer of the charged particles (Zaleska, 2008). 
2.2 Titanium Dioxide Photocatalyst 
Photocatalysis process requires a catalyst to initiate the reaction (Yasmina et al., 2014). 
number of semiconductor metal oxides can be used in photocatalytic reactions, including 
Zno, Zns, W03, CdS, Sn02, and GaP (Vinu & Madras, 2011). Among them, Ti02 has been 
teprded as an excellent and environmental-friendly photocatalyst compared to others due to 
• unique properties. Ti02 is non-toxic, biologically and chemically inert, resistant to chemical 
COJ'!Osion, and can work at ambient temperature and pressure, without addition of other 
claemical species (Lan et at., 2013; Yasmina et at., 2014). As for physical properties, Ti02 exists 
as a white fine powder fonn that is insoluble and odourless, with a molecular weight of 79.9 
(Shi et at., 2013). High surface area ofTi02 enhances the light absorption rate and photo­
iedluetion rate, leading to high photocatalytic reactions (Lan et at., 2013). When the diameter 
crystalline Ti02 falls below a critical radius of about 10 nm, the charge carrier exhibits 
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quantum mechanical behaviours. As a result, their band gap increases and the band edges shift 
leading to an increase oftheir redox potentials (Gupta & Tripathi, 2012). 
Ti02 exists in three crystalline structures namely anatase, rutile and brookite (Figure 
2.2) (pelaez et ai., 2012). Among these crystal phases, only rutile and anatase show 
photocatalytic behaviours (Pelaez et ai., 2012). Table 2.3 shows the properties of each crystal 
phase ofTi02. Anatase possesses a wider band gap of 3.2 eV, with an absorption edge at 386 
om, while rutile has a band gap of 3.02 eV and an absorption edge in the visible range at 416 
om. Lower calcination temperatures ranging from 250 to 500°C and temperature higher than 
6()()OC are commonly applied to fonn anatase and rutile Ti02, respectively (Chen et ai., 2003). 
a) b) c) 
QO 
o Ti 
Figure 2.2: Crystalline structures ofTi02: a) rutile, b) brookite, and c) 
anatase (Source: Bagheri et ai., 2015). 
ahle 2.3: Properties of the crystalline fonns ofTi02 




-Stable at low temperature 
-Greater photocatalytic activity because of its band 
gap, number of-OH groups, porosity and surface area 
-Discovered in minerals 
-Has orthorhombic crystal structure 
-Has orthorhombic crystal structure 
-Excellent stability under high temperature 
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2.3 Parameters Affecting Photocatalytic Degradation 
The photocatalytic degradation of organic and .inorganic pollutants can be enhanced by 
controlling a number of parameters such as solution pH, initial concentration of the pollutant, 
photocatalyst dosage, contact time, reaction temperature, light intensity, and the presence of 
electron acceptors. However, in this study, only pH, initial concentration, contact time, and 
photocatalyst dosage were focused due to their significant effects on the photocatalytic 
degradation efficiency (Wahyuni et at., 2015; Reza et at., 2017). 
2.3.1 Solution pH 
The pH of the medium has been identified as OQe of the most critical parameters that 
affect photocatalytic degradation (Vaez et at., 2012). There are three possible photodegradation 
mechanisms: ·OH radical attack, direct oxidation by the positive hole and direct reduction by 
electron in the conducting band (Reza et at., 2017). The efficiency of all three mechanisms are 
influenced by the medium pH (Akpan & Hameed, 2009). Point zero charge (PHpzc) is the pH at 
which the surface charge of the oxide is zero (Yasmina et at., 2014). Since Ti02 exhibits 
amphoteric behaviour, both positive and negative charges can be present on its surface (Pekakis 
., al. 2006). When the pH of the medium is lower than the pHpzc, the Ti02 surface charge is 
positively charged while the surface oxide become negatively charged when the pH of the 
mediwn is higher than the pHpzc. The reactions below depict the influence of pH medium on 
the ionization state of the Ti02 surface (Eqs 2.8 & 2.9) (Konstantinou & Albanis, 2004). 
pH < pHpzc (acidic medium) (2.8) 
+OU- -+ TiO- + H20, pH > pHpzc (alkaline medium) (2.9) 
Typically, in an acidic medium, the Ti02 surface is protonated, while in the alkaline 
_him the Ti02 surface is hydroxylated (Guillard et at., 2003). The adsorption efficiency of 
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a pollutant onto the active sites of Ti02 could be either high or low depending on their nature 
(Konstantinou & Albanis, 2004). For instance, MB removal will be more favoured in basic 
medium due to their cationic property. In a study by Salehi et al. (2012), the pHpzc of the Ti02 
was detennined as 6.80. When the pH of the MB solution was adjusted to basic pHs (e.g. 11.40 
and 13.30), the negatively charged Ti02 surface enhanced the adsorption of MB onto the Ti02 
surface and ultimately the percentage removal of MB from 50.0% to 90.0%. 
However, for the anionic pollutants, their adsorption is more favoured at acidic medium 
(Lachbeb et al., 2002; Kabra et al., 2007; Salamat & Younesi, 2017). GuiHard et al. (2003) 
investigated the photodegradation of methylene blue, orange G, Alizarin S, Azo-Methyl Red 
and Congo red at pH 3.00, 6.00, and 9.00. It was noted that the increase of pH enhanced the 
photodegradation of all dyes except for orange G. The adsorption of orange G was inhibited at 
high pHs due to the presence of negatively charged sulfonate (S03l 
13.2 Initial Concentration of Water Pollutant 
Generally, when the initial concentration of the pollutants increases and others 
JP8r8Dleters are kept constant, the photodegradation is expected to be decreased (Kansal et al., 
2007). This can be explained by the saturation of the adsorption sites on the surface of the 
adtDtbcmt with the molecules of the pollutant. The adsorption equilibrium can be achieved as 
adsorbent surface is saturated with the pollutants (Rahman et al., 2012) eventually 
contributing to the low photodegradation efficiency. In contrast to high initial concentration, 
will be more unoccupied active sites at low initial concentration. Therefore, more 
JOIlut!mts can be adsorbed and result in high photodegradation of the pollutant. However, an 
••!Ie in the loading capacity of the adsorbent occurs as the initial concentration of the water 
••ats increases, due to the high driving force mass at a high initial concentration (Reza et 
16 

Ql. 2017). For instance, in the photodegradation of Acid Red 27 (AR27), as the initial 
concentration increased from 10 ppm to 80 ppm, the adsorption capacity ofP25 Ti02 increased 
well. This is believed due to the high driving force for mass transfer of AR27 onto P25 Ti02 
surface (Behnajady et at., 2014) . 
.3 Contact Time 
Contact time is also one of the important factors that enhance the photodegradation of 
tee pollutants. By increasing the contact time of treatment, more ions can be adsorbed onto 
TICh surface and react with the free radicals that are present on the surface (Joshi et at., 
201 1). Shrivastava (2012) studied the photocatalytic degradation of MB and Cr(lV) from 
'WllStew;aterwith nanocrystalline Ti02 semiconductor at different time intervals (30 to 195 min) 
observed that as time progressed, the photodegradation also increased. The highest 
~Dtotlegrad,atlcm was achieved at 150 min and remained constant after 180 min. This indicated 
180 min was the optimal contact time for the photodegradation ofMB and Cr(IV). Benjwal 
III. (2015) reported the photocatalytic degradation of methylene blue and arsenite using 
_cal graphene oxide-ferric oxide-titania nanocomposite. Contact time positively influenced 
•	 .~.ltOCJlegJrad;atl(m of these pollutants by allowing more molecules to be adsorbed onto the 
of Ti02 when the treatment time was increased. 
The photocatalytic degradation could be affected by the photocatalyst dosage used in a 
Increasing the photocatalyst dosage generally increases the photocatalytic 
IlIdatiton. This could be explained due to the abundance of available active sites for the 
to be adsorbed and be degraded by the ·OH radicals. However, at certain extent, as 
ites are saturated with the pollutants, the photodegradation might be reduced due to 
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e inhibition oflight penetration through the photocatalyst. A review by Raileanu et at. (2013) 
indicated that the dosage of Ti02 is directly proportional to the overall photocatalytic reaction. 
A study by Yang et at. (2015) reported that when the Ti02 dosage was increased from 0.01 to 
0.15 So acceleration of the photodegradation of MB was observed due to the increased in the 
'w sites of Ti02. However, constant increase in the dosage led to the aggregation of Ti02 
particle which is known to reduce the efficiency of Ti02 photocatalytic reaction due to the 
Jncrease in opacity and light scattering of the catalyst particles. 
Shortcomings of Ti02 and Ways to Overcome 
Despite being the preferred semiconductor photocatalysts, Ti02 is also bound to several 
limitations that hinder its application in large-scale water treatment. The AOP method is known 
have a poor adsorption capacity towards hydrophobic contaminants, high aggregation 
..__cy, inefficient absorption of visible light due to the large band gap, and difficult to 
lteParat,e and recover after treatment (Habib et at., 2013; Mohapatra et at., 2014; Dong et at., 
IS), In light of these limitations, several approaches have been established, including doping 
. metal, non-metals and carbon-based NPs, surface organic modification, immobilization 
support structures, and incorporation of magnetic property to ease separation (Dong et at., 
Doping with Metals 
Metal-doped Ti02 particularly with transition metals such as Cu, Co, Ni, Cr, Mn, Fe, 
Au, Ag, and Pt has been reported to affect the band gap energy, surface area, particle size, 
thermal property of the photocatalyst (Mogal et at., 2013). The anatase phase of Ti02 
.loClatallyst which is commonly used in many photocatalytic reactions, can only be activated 
the UV light «387 nm) as a result of its wide band gap energy (3.2 eV) (us Saqib et at., 
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2016). Doping the Ti02 photocatalyst with transition metals reduced the band gap energy 
bOlllth the fonnation of a new energy level between the valence band and conduction band 
.fFillIft 2.3). Such an approach results in novel Ti02 materials that can be photo-induced under 
visible light range (>400 nm) (Chong et a!., 2010; Pelaez et al., 2012; Dong et al., 2015; 
_irian & Mehrvar, 2016). 
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gore 2.3: Mechanism of metal-doped Ti02 photocatalysis: 1) narrowing band gap 
(hv): pure Ti02; hV2: metal-doped Ti02); 2) retarding electron-hole 
recombination; and 3) enhancing adsorption of contaminants (RH) (Source: 
Dong et al., 2015). 
The recombination of electron-hole pairs during photocatalytic reactions lead to the 
__em of stored energy in only a few nanoseconds, hence reducing the photocatalytic 
iii-leY (us Saqib et al., 2016). The incorporation of transition metals in the crystal structure 
mayact as a photo-generated electron trapper and reduce the recombination ofelectron-
pairs (Khairy & Zakaria, 2014). The formation of Schottky barrier at the metal-Ti02 
IIdjce causes the decrease in the charge carriers recombination (Dong et al., 2015). 
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A number of studies have utilized various transition metals for the purpose Ti02 doping 
(Li et al., 2008; Dimitrov et aI., 2011; Khairy & Zakaria 2014). For example, the removal of 
methyl orange using Cu-doped Ti02 and Zn-doped Ti02 reduced the recombination rate of 
electron-hole pairs and simultaneously enhanced the photocatalytic removal of methyl orange 
by 50.0% and 40.0%, respectiveiy (Khairy & Zakaria., 2014). One important factor that has 
been highlighted in these studies is the dependence of the recombination rate on the 
concentration of the metal dopant. High concentration ofdopant can either decrease or increase 
the recombination rate and ultimately affecting the photocatalytic activity of the metal doped 
Ti02 (Zhang et al., 2006). 
Besides the aforementioned advantages, metal doping also restricted to few drawbacks 
such as thermal instability, fonnation of secondary phases, dopant insolubility, surface 
aggregation, and dopant concentration dependency (Islam et al., 2017). When the amount of 
the dopant used is higher than its optimum concentration, the photodegradation rate could 
decrease instead of yielding the desired effect (Thu et al., 2016). For this reason, non-metal 
doping can be an alternative approach to reduce the band gap of Ti02 photocatalyst. 
2.4.2 Doping with Non-Metals 
Similar to their metal counterparts, non-metal dopants also work by introducing dopants 
into the lattice crystal structure ofTi02 or the impurity states in the band gap of the system. The 
objective is to ensure the doped Ti02 is activated under the visible light region and eventually 
enhance the photodegradation of pollutants by favouring the charge transfer and separation in 
the lifetime (Long & Cai, 2011). 
There are several non-metals such as C, N, S, B, P, F, and I that are commonly used as 
dopants to dope Ti02 NPs. Among them, N stands out as one of the most excellent dopant 
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candidate (Chong et al., 2010; Pelaez et al., 2012; Ibhadon & Fitzpatrick, 2013; Bagheri et al., 
2015) for its smaller atomic size as compared to oxygen, low ionization potential, and high 
stability (Islam et al., 2017). The incorporation of N atoms are known to be through either 
interstitial type doping (N-O bonding) or substitutional type doping (replacement of 0 with N 
atoms) in Ti02 (Oi Valentin & Pacchioni, 2013). Xu et al. (2015) observed an enhanced 
reduction of multiple organic water pollutants (methyl orange, rhodamine B, methylene blue, 
Cr(JV» under visible-light irradiation using tri-doped Ti02 that incorporated metal iron (Fe) 
and non-metal nitrogen (N) and sulphur (S). In comparison with undoped Ti02 and single non­
metal doped N-P25, tri-doped Ti02 exhibited better photocata~ytic efficiencies and good 
recyc1ability for the reduction process. 
To enhance the thermal stability ofTi02, phosphorus (P) is used as the non-metal dopant 
in the fonnation of titanyl phosphate (Fagan et al., 2016). Additionally, P provides a larger 
specific surface area and smaller crystalline size compared to pure titania that favours the 
adsorption of pollutants onto Ti02 surface (Tan et al., 2011). Non-metal dopants have 
significantly enhanced the photocatalytic activity of Ti02 by improving their morphology and 
increasing the percentage of anatase phase (Tan et al., 2011; Daghrir et al., 2013). This helps 
to hinder the growth of the crystalline size of Ti02 and subsequently increases the specific 
surface area of the photocatalyst (Daghrir et al., 2013). 
Nevertheless, non-metal doping technique involve high cost for its preparation and the 
formation ofoxygen vacancies in bulk increases the recombination of electron-hole pairs (Dong 
etal., 2015). These limitations will somehow limit the visible light photocatalysis efficiency of 
non-metal doped Ti02 and its industrial applications. 
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2.4.3 Immobilization on Support Structures 
In photocatalytic reactions, surface area is one of the detennining factors that increase 
the reaction rate by adsorbing more organic molecules onto Ti02 surfaces. Ti02 NPs are known 
for their (i) large surface areas (Tan et at., 2011), and (ii) ability to adsorb organic molecules 
and simultaneously degrade them (Reza et at., 2017). However, NPs often encounter 
aggregation issue as they exhibit high surface energies and the particles tend to agglomerate to 
diminish this energy (Bhuiyan et at., 2015). The possible solutions that have been proposed are 
to embed or anchor the NPs onto a support structure and to modify their surfaces using organic 
coating. 
Organic materials such as carboxylic acid and humic acid could stabilize the NPs by 
reducing the aggregations. As for the modification by carboxylic acid, Weng et at. (2003) 
proposed a surface binding using carboxylic group to modify the Ti02 surface via an interface­
sensitive molecular probe. 
Although surface modification ofTi02 NPs is one of the dominant factors that enhance 
photocatalytic activity, their application in the slurry fonn is limited. Among the limitations are 
the need for post-treatment of treated wastewater, high cost for the regeneration of Ti02 NPs 
and a decrease in the photocatalytic activity due to agglomeration ofNPs (Dong et at., 2015). 
Hence, it is not realistic in real wastewater treatment. A new approach is to immobilize the Ti02 
NPs onto fixed supports. A number of supports have been explored by researchers; these 
include bio-polymers, glass beads, fiber glass, glass pellets, glass sheets, silica, organo-cIays, 
stainless steel, activated carbon and zeolites (Jobanputra et at., 2011; Topkaya et at., 2014; 
Hendrix et at., 2015). 
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The incorporation of these supports increases the illuminated specific catalyst area, 
adsorption capacity and surface area of the photocatalyst as well as the selectivity of the 
photocatalytic reaction (Dong et al., 2015). Immobilization of Ti02 using alginate was 
attempted by Albarelli et al. (2009). Although the suspended Ti02 demonstrated better 
photocatalytic degradation of methylene blue compared to the immobilized Ti02, the latter 
facilitated recovery and recycling of the material. In a separate study, Samadi et al. (2014) 
synthesized Cu-Ti02/chitosan hybrid film for the removal ofPb(lI) ions by varying the sorbent 
surface area, contact time, and solution pH. Synergistic effect between the investigated 
parameters enhanced the photocatalytic degradation ofPb(II) ions. 
Although there is a claim that not all the active sites on the immobilized Ti02 are 
exposed to irradiation during treatment, this approach appears to be the more viable and 
economical for industrial application compared to slurry-type approach (Delnavaz et al., 2015). 
2.4.4 Magnetic Separation 
Another economical way to improve the separation and recyclability ofTi02 NPs is by 
incorporating magnetic materials such as magnetite (Fe304) and maghemite (y-Fe203) into Ti02 
matrices. Numerous studies have been reported on the positive enhancement of magnetic 
materials into Ti02. Ljubas et al. (2014) reported a new technique ofgrowing magnetite crystals 
on aggregated surface-active Ti02 P25 (MTIP25) NPs and applied an external magnetic field 
to recover the aggregates from suspension. The initial concentration of tartronic acid was 
reduced to 60.0% after 60 min of irradiation under UVA in the presence of Ti02 P25. While, 
MTIP-25 successfully reduced similar concentration of tartronic acid to approximately 54.0% 
under similar experimental condition. This finding ascertained that magnetite did not affect the 
photocatalytic activity ofMT/P25 . 
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Behrad et al. (2015) coated magnetic particles with Ti02 NPs via the sol-gel method. 
FfJ04 was employed as seeds for the synthesis of Fe304/Ti02 nanocomposites. Fe304 was first 
stabilized with trisodium citrate before being introduced into the synthesis of Ti02 
nanocomposites. The synthesis method was successful due to the strong magnetic separation 
ability and photocatalytic property demonstrated by the Fe304/Ti02 nanocomposites. Another 
study by Tang et at. (2013) successfully designed a magnetic Ti02-graphene photocatalyst, with 
an excellent electron-capture ability and high adsorptivity of graphene, that is easily separated 
by an external magnetic field. Moreover, the magnetic Ti02-graphene completely degraded 2,4­
dichlorophenoxyacetic acid, a herbicide under solar light irradiation and allowed rapid recovery 
after treatment. 
Fe304 appears to be a suitable candidate to be merged with Ti02 NPs, for both magnetic 
and photocatalytic properties. This dual nature of the nanocomposite makes it more attractive 
for industrial applications. The only problem foreseen is the possibility of the magnetic NPs 
acting as a recombination center for the electron hole pairs (Bagheri & Julkapli, 2015). 
2.S Magnetic NPs 
Magnetic NPs (MNPs) have gained considerable attention due to their umque 
characteristics such as high surface-to-volume ratio, low diffusion rate, high dispersibility in 
water, and super magnetic properties (Bucak et aI., 2012; Lunge et al., 2014). The term NPs 
correspond to particles with diameters ranging from 1 to 100 nm (Wu et al., 2008). Various 
applications utilize MNPs as the basis, such as magnetic ferrofluid, catalysis and 
bioapplications. MNPs in the form of magnetic ferrofluid have open doors to a myriad of 
commercial applications such as magnetic drug targeting, magnetic separation of cells, and 
dynamic sealing (Scherer & Figueiredo, 2005). 
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MNPs are often referred to as iron oxides such as magnetite (Fe304), maghemite (y­
Fez03), and hematite (a-Fe203) (Bucak et at., 2012). Figure 2.4 shows their respective crystal 
structures (Wu et at., 2015). These three MNPs have their own unique properties that can be 
exploited for environmental and biomedical applications . 
• 
(a) Hematite (b) Magnetite 
Rhombohedral . R3c cubic. Fd3m 
Figure 2.4: Crystal structure and crystallographic data of (a) hematite, (b) magnetite, and (c) 
maghemite (the black ball is Fe2+, the green ball is Fe3+, and the red ball is 0 2-) 
(Source: Wu et at., 2015). 
Both a-Fe203 and y-Fe203 are synthesized using only Fe3+. However, to synthesize 
Fe304, Fe2+lFe3+ in the ratio of 1 to 2 is used (Teixeira et al., 2012). Hematite possesses the 
highest band gap of 2.3 e V, followed by maghemite (2.0 e V) and magnetite (0.1 e V). Among 
these MNPs, magnetite and maghemite appears to be promising candidates for environmental 
applications as they have been proven safe and biocompatible (Wu et al., 2008). Additionally, 
their small particle sizes (less than 20 nm) provide them superparamagnetic properties. 
Nevertheless, magnetite is the most favored one as it can be easily synthesized using simple 
methods such as co-precipitation method without extreme conditions compared to its 
counterpart maghemite (Mascolo et al., 2013). 
(c) Maghemite 
CubiC. P4,321Tetragonal. P4,2,2 
25 

2.5.1 Magnetite NPs (Fe304-NPs) 
Magnetite exhibits the most outstanding properties as it contains both Fe2+ and Fe3+ in 
its crystal structure. It has low toxicity, good magnetic and adsorption properties, as well as 
biocompatibility (Mamba & Mishra, 2016). Many studies have reported the application of 
Fe304 in water pollutant removal, especially heavy metals ions (G6mez-Pastora et ai., 2014). 
Moreover, its magnetic property makes it an appropriate candidate to be incorporated into Ti02 
powder for easy separation from treated water (Mamba & Mishra, 2016). Nevertheless, small 
particle sizes of Fe304 NPs tend to agglomerate and therefore surface modification is required 
for stabilizing the particles. By coating Fe304 with a stabilizer, the surface energy resulting 
from the electronic repulsion between the NPs can be reduced (Scherer & Figueiredo, 2005). 
Also, stabilizers provide routes for subsequent functionalization. 
Unlike maghemite, magnetite does not undergo photocatalysis hence it can act as the 
center for electron-hole recombination when combined with Ti02 (Mamba & Mishra, 2016). 
The following sections discuss examples of methods that are commonly applied to prepare 
Fe304 such as co-precipitation, hydrothennal and microemulsion. In this study, co-precipitation 
bas been chosen over the other methods, as it is effortless and economical. Although this 
method is known for the aggregation of the NPs, it can be prevented by the addition of organic 
stabilizers such as sodium citrate (Hasanpour et ai., 2012). 
2.5.1.1 Co-precipitation 
One of the most widely applied methods to synthesize Fe304 is the co-precipitation 
method due to its superiority in controlling the size and magnetic properties of Fe304 (Majidi 
et ai., 2014). This versatile method can be perfonned either in an inert condition, at room 
temperature or at high temperature. It involves the addition ofa base into a salt solution ofFe2+: 
26 

Fe3+ with molar ratio 1 :2. The resulting size and shape depends on the type of salt used (e.g., 
chlorides, sulfates, nitrates), the ratio of Fe2+ and Fe3+, reaction temperature, and the pH value 
(Tresilwised et al., 2005). However, for complete precipitation pH is maintained between 8 and 
14. The co-precipitation reaction is as shown in Eq. 2.10: 
(2.1 0) 
The mean size of the NPs can be controlled to be in the range of 2 to 15 nm by simply 
adjusting the pH and the ionic strength of the precipitation medium (Majidi et al., 2014). 
Mahdavi et al. (2013) investigated the effect of pH, temperature and stirring on the 
particle size of Fe304 produced via the co-precipitation method. When the pH of the 
precipitation medium was higher than 11.00, the particle size of Fe304 NPs was found to be 
large (~lO nm). The growth of the Fe304 nucleus was also found to be more stable when the 
pH was greater than 11. At lower pH «pH 11.00), the particle size of Fe304 was found to 
reduce. According to Majidi et al. (2014), when the temperature of the reaction is lower than 
60°C, amorphous hydrated oxy-hydroxide that can be simply converted to Fe203 was formed; 
while higher temperatures (>80°C) led to the formation of Fe304. In order to prevent the 
oxidation of Fe304 to y-Fe203, it is important that the reaction is performed under an inert 
condition (Majidi et al., 2014) . 
Mohammad-beigi et al. (2011) prepared Fe304 via the co-precipitation method at 
different pH values (9.00, 10.00, 11.00, and 12.00) and found that the size ofthe NPs decreased 
with increasing pH. Citrate coating was employed to stabilize the NPs and a reduction in the 




2.5.1.2 Hydrothermal Technique 
Another method which have been applied to synthesize Fe304-NPs is the hydrothermal 
or solvothermal technique (Laurent et al., 2008). Although this technique demands high vapor 
pressure and temperature, but allow the formation of particles with a better crystallinity 
compared to other methods (Butter et al., 2005; Majidi et al., 2014). The formation of ferrite in 
hydrothennal conditions takes place through hydrolysis and oxidation or neutralization of 
mixed metal hydroxides. The only difference between these routes is the ferrous salts that are 
used in the hydrolysis and oxidation reaction (Laurent et al., 2008). The parameters that have 
significant effects on the formation of MNPs include the type of solvent, temperature, and 
reaction time. Sun et al. (2009) synthesized Fe304 using the hydrothermal method with FeCh 
as the metal precursor and sucrose as the reducing agent without purgation or a protection 
procedure. It was observed that particles synthesized in the presence of sucrose were much 
smaller compared to those produced in a sucrose-free condition. 
The hydrothermal method is rather economical and enables facile synthesis of high­
quality NPs despite the required high pressure and temperature during the reaction (Ozel et al., 
2014). Ozel et al. (2014) studied the effect of reaction temperature and time on the growth of 
NPs. The size of the NPs was observed to increase at high temperatures (60 to 180°C) and 
longer reaction times (12 to 72 h), with a higher likelihood to form magnetite. 
2.5.1.3 Microemulsion Technique 
Microemulsion technique involves two immiscible liquids to form a thermodynamically 
stable isotropic dispersion referred to microemulsion which is later stabilized by an interfacial 
film or surfactant molecules (Bedanta et al., 2013). This technique has been widely used for 
synthesizing magnetic NPs of uniform size. Surfactant is commonly used to reduce the surface 
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tension between water and oil. The multiple advantages of microemu1sion method include the 
use ofsimple equipment and the ability to synthesize Fe304 NPs with controlled size and shape, 
which also exhibit high surface areas (Majidi et al., 2014). 
The properties ofNPs prepared by the microemulsion method are controlled by the type 
and structure of the surfactant (Sanchez-Dominguez et al. 2012). A surfactant is an amphiphilic 
molecule that lowers the interfacial tension between water and oil, resulting in the formation of 
a transparent solution (Faraji et al. 2010). Lopez-Quintela and Rivas (1993) reported that 
magnetite NPs with 4 run in diameter was synthesized by the controlled hydrolysis of FeCh 
with ammonium hydroxide and F eCh aqueous solutions, within the inverse micelle. 
2.5.2 Prevention of direct contact between magnetite and Ti02 
A number of studies have claimed that the direct contact between the magnetic core and 
Ti02 accounted for the poor photocatalytic activity of Ti02 based nanocomposites (Wei, 2009; 
Alvarez et al., 2010; Ljubas et al., 2014). Therefore, many studies have been carried out to 
improve the photocatalytic activity of magnetic Ti02 based nanocomposites such as addition of 
inert interlayers and metal doping or deposition (Yao et al., 2015). 
The addition of an inert layer to magnetic Ti02 nanocomposites could reduce the 
electron-hole recombination in the photocatalytic reaction (Absalan & Nikazar, 2016). Silica is 
a common intermediate layer used to keep the F e304 NPs core and Ti02 coating apart (Yao et 
al., 2015). Encapsulating the MNPs with silica before Ti02 depositions prevents their oxidation 
and increases their chemical stability (Wu et al., 2008). Figure 2.5 shows the pathway of 







Figure 2.S: Schematic diagram of photo-induced charge transfer for Ti02 a) without intermedia 
layer and (b) with inert intermediate layer (Source: Yao et al., 2015). 
The Si02 layer has been reported to improve the stability of titanium dioxide/silica 
dioxide/magnetite (Ti02/Si02IFe304) compared to Ti02/Fe304 as it increases the chemical 
stability (Cheng et al., 2012). Moreover, Ti02/Si02/Fe304 was found to demonstrate a 
comparable photocatalytic activity with the Degussa P25 Ti02 photocatalyts in the removal of 
acetaminophen and pharmaceuticals (Alvarez et al., 2010). 
Some authors have argued that Si02 may not fully protect the magnetic core which 
subsequently can cause photodissolution (Dupont et al., 2014). The release oflarge amounts of 
chloride and nitrate from iron chloride or iron nitrate during the treatment may cause 
detrimental effects to the environment (Salamat et al., 2017). Therefore, other alternatives are 
necessary to prevent the direct contact between the Fe304 and Ti02 photocatalyst. 
2.6 Alginate (AIg) 
Alg is an ideal candidate to immobilize both Fe304 and Ti02, as attributed to its inert 
properties that provide a protective layer to prevent the recombination effect between the Ti02 
and Fe304 core (K. Y. Lee & Mooney, 2012). Alginates or alginic acid are unbranched 
polysaccharides consist of 1----+4 linked ,B-D-mannuronic acid (M) and its C-5 epimer a-L­
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guluronic acid (G) (Figure 2.6). It is possible to produce Alg from bacterial and algal source. 
However, currently available Alg is produced from algae, specifically brown algae such as 
Macrocystis pyrifera, Laminaria hyperborea and Ascophyllum nodosum (Pawar & Edgar, 
2012; Szekalska et al., 2016). Since algae is readily available in nature, approximately 30,000 
metric tons ofAlg is produced by chemical industries annually (Pawar & Edgar, 2012). For this 
reason, it is practical and economical to design sustainable biomaterials based on Alg. The 
extraction of Alg from seaweeds is not complicated; diluted mineral acids are added to the raw 
material, then the alginic acid obtained from purification is converted into a water-soluble 
sodium salt in the presence of calcium carbonate (Szekalska et al., 2016). Although Alg is 
produced in the form ofdifferent salts, but sodium alginate is the most widely investigated form 
(Rezende et al., 2007; Szekalska et al., 2016). 
The properties of Alg are affected by the distribution and proportion of 1~4 linked {3­
o-mannuronic acid (M) and its C-5 epimer a-L-guluronic acid (G) in Alg, which are also known 
as M-block and G-block (Nalamothu et al., 2014). The gelling characteristic is determined by 
the content of both M-block and G-block. Higher contents of G-block result in stronger and 
brittle Alg gels, while higher contents ofM-blocks produce Alg gels with softer and more elastic 
Furthermore, Alg gels with more M-block may undergo ion exchange more easily as 
more water can be absorbed (Szekalska et al., 2016). Three functional groups that are present 
in Aig include carboxyl (-COO), ether (C-O-C), and hydroxyl (-OH). They may be bound with 
other metal cations for specific applications such as removal of heavy metals in wastewater 
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Figure 2.6: Chemical structure of alginate. Linear block polymers of ,B-D-mannuronate (M) 
and -L-guluronate (G) with a variation in composition and sequential 
arrangements (Source: Paredes Juarez et al., 2014). 
It is proposed that only G-blocks (Lee & Mooney, 2012) with abundant carboxyl groups 
participate in the crosslinking process with divalent cations such as calcium ions (Ca2+) to form 
hydrogels (Bakr et al., 2015). 
In order for the gelation process to occur, the presence of cations such as lead, copper, 
cadmium, calcium and zinc are very important. The gelation process is completed through the 
crosslinking of Alg with other cations, thus making Alg an excellent immobilization carrier 
(Daemi & Barikani, 2012). Among the cations, calcium chloride is the most commonly used 
one due to its non-toxic properties. The calcium ion promotes a cooperative effect between G-
blocks to form a 3D network known as the "egg-box" mode (Figure 2.7) (Braccini et al., 2001). 
Braccini et al. (2001) reported that solid Alg-ca1cium gels maintained their function as a semi­
penneable membrane through which low molecular weight and water-soluble molecules can 
Immobilization of Ti02 with Alg has gained the interest of many researchers as it 
enhances the separation of the composite from treated water and can be reused several times. 
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Besides, Alg utilization has initiated the green routes of synthesizing new supports for Ti02 





Figure 2.7: The "Eggs-box" model for Alg gelation with calcium ions. Dark circles represent 
the oxygen atoms involved in the coordination of the calcium ion (Source: Paredes 
Juarez et al., 2014). 
A number of researchers have investigated the ability of Alg as immobilizing carrier 
(Teoh et al., 2011; Ai et al., 2013). Immobilization in insoluble Alg gel is well known as a 
rapid, non-toxic and versatile method. Papageorgiou et al. (2012) studied the immobilization 
ofTi02 photocatalyst into the matrix of calcium alginate for the degradation of methyl orange 
in polluted water and observed a high removal efficiency of90.0% within 220 min oftreatment. 
Meanwhile, Teoh et al. (2011) investigated the optimum Alg concentration to 
synthesize Alg-Ti02 hydrogels that are stable under UV irradiation. The study indicated that 
Aigconcentrations lower than 2.0% (w/v) were depolymerized from long cross-linked polymer 
to shorter polymer chain after 3 h of irradiation under UV light. However, by increasing Alg 
concentration from 2.0 to 2.5% (w/v), its mechanical stability under UV irradiation was found 
increase. An enhancement in the mechanical strength ofAlg was attributed to the better cross­
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linking between Ca2 + ions and Alg chain. Additionally, the removal ofPb(II) ions also increased 
with the increasing Alg concentration in the Alg-Ti02 hydrogel. 
In summary, Alg may be a suitable candidate to be as a barrier to prevent the direct 
contact between Fe304 NPs with the Ti02 shell due to their high mechanical strength and inert 
properties. 
2.7 Application 	 of Magnetic Titanium Dioxide based Nanocomposites for Water 
Pollutants Removal 
The application of magnetic Ti02 based nanocomposites is gaining great attention as the 
nanocomposites can be (i) easily separated under magnetic field and (ii) reused several times 
without any deterioration (Li et al., 2014). The presence of magnetic nanopartic1es in the 
nanocomposite increases the adsorption sites for water pollutants and also the photocatalytic 
reaction efficiency (Su et al., 2014). Furthermore, Ti02 based nanocomposites can be used for 
both organic and inorganic water pollutants such as dyes and heavy metal. 
The following section discusses the application of magnetic Ti02 based nanocomposites 
for the removal of dyes and heavy metals as a representative of organic and inorganic water 
pollutant, respectively. 
2.7.1 Removal of Dyes 
Table 2.4 summarizes selected studies on the magnetic Ti02 based nanocomposites for 
the removal of dyes in aqueous solutions or wastewaters under UV or visible light. 
Ti02/silicon dioxide-coated magnetic nanomaterial, Fe304@Si02@Ti02 successfully 
removed 91.0% of 50 mg/L Reactive Black 5, which was comparable with the efficiencies of 
Ti<h (93.0%) and Ti02 P25 (97.0%) (Lucas et al., 2013). The presence ofa silica shell between 
34 

Fe)04 and Ti02 successfully reduce the electron-hole pairs recombination without interfering 
with the photocatalytic activity. Despite offering desirable advantages, fast recombination of 
the electron-hole pairs remains as the main drawback of magnetic property in Ti 02 composites, 
leading to further improvement by means of co-doping (Zhang et at., 2016). For instance, by 
co-doping cadmium sulfide on Ti021Fe304, an improvement in the photocatalytic removal of 
50 mglL of Reactive Brilliant Red X-3B under visible light source was observed (Dong et at., 
2013). Another study reported that co-doping cadmium sulfide on Ti021Fe304@Si02 provided 
betterremoval efficiency of Rhodamine B compared to pure cadmium sulfide and Degussa P25 
riCh. 
Besides, Ti02 coupled with noble metals such as gold (Au), platinum (Pt) and silver 
(Ag) also offers a great solution to enhance their photocatalytic activity under visible light as it 
may hinder the recombination ofelectrons and holes (Gomes et at., 2017). Ag was incorporated 
in the Fe304ffi02 nanocomposites for the photodegradation of MB under visible light (Fauzian 
elal.,2017). An increase in the weight percentage ofAg from 5 to 25 wt% in the Fe304/Ti02/Ag 
nanocomposites produced 85.0% ofMB removal within 120 min. 
Several other nanocomposites have been reported to successfully remove dye within 
short period of treatment time mainly due their high surface area available for adsorption (Hu 
et al., 2005; Dong et at., 2014). Reduced-GO (rGO) supported onto Fe304/Ti02 
(rGOIFC304ffi02) completely degraded MB under UV light irradiation within 5 min as a result 
of the synergistic interactions between rGO and Fe304 which increased the surface area of 
tGOIFC304ffi02 (Benjwal et at., 2015). Also, functional groups present in the graphene oxide 
(GO) made it to be highly hydrophilic and water soluble, which may be susceptible for 
supporting metal or metal oxide particles (Benjwal et at., 2015). 
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Table 2.4: Selected studies of magnetic Ti02 based nanocomposites for dye removal 
Magnetic titanium Dye Parameters Removal efficiency Reference 
dioxide based used 
nanocom~osite 
FeJ04/SiOzffi02 RB5 • Concentration Maximum degradation Lucas et 
ofRB5: efficiency ofMB: aI., (2013) 
50 ppm (1) under UV lamp 
= 91.0% 
CdS-TiOzlFe304 Reactive • Concentration Photocatalytic Dong et 
brilliant ofX-3B: degradation rate of X- al. (2013) 
red dye X­ 50 ppm 3B: 
3B (X-3B) (1) under sunlight 
= 85.0% 
Fe304rri021 Ag Methylene • Catalyst Removal rate of RhB: Fauzian et 




TiOzIF~04 Methylene • Concentration Photodecomposition Harifi & 
blue (MB) ofMB: 10 ofMB: Montazer 
ppm 
• Fe2+/Ti02 




0.16 - 0.8 
rGOIFe304ffi02 Methylene • Contact time: Photodegradation of Benjwal et 
blue (MB) 50 - 100 min MB: al. (2015) 
(1) under UV lamp 
= 100.0% 
(2) under visible light 
= 91.0% 
FeJ04@Ti02 Methyl • Concentration Photodegradation of Ma et al. 
core/shell orange ofMO: 20 MO: (2013) 
nanosphere loaded (MO) ppm (1) FTR = 83.8% 
on the reduced (2) Fe304@Ti02 
graphene oxide = 33.7% 




FtlO4fSiOzffi02 Reactive • Catalyst Photodegradation of Aghel et 
Black B dosage: 50­ RBB: al. (2016) 
(RBB) 200 mglL (1) under UV lamp 
• QH: 3 - 9 = 100.0% 
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2.7.2 Removal of Heavy Metals 
Magnetic Ti02 based nanocomposites are also found to be effective to remove heavy 
metals. The magnetic materials enhance the adsorption of the metal ions onto the surface of the 
catalysts, enabling them to be readily reduced by the photogenerated electrons ofTi02 to lower 
valence states and eventually deposited onto the surface of the catalyst (Kabra et ai., 2004). 
Table 2.5 summarizes the selected studies on the magnetic Ti02 based nanocomposites for the 
removal ofheavy metals in aqueous solutions or wastewaters under UV or visible light. A study 
by Sobhanardakani & Zandipak (2017) demonstrated that encapsulation of Fe304 with Si02 
prevents the direct contact of Fe304 with Ti02 whereby reduced the recombination effect of 
electron-hole pairs and enhanced the photocatalytic activity for Cd(Il), Hg(I1), and Ni(II) 
removal simultaneously. Additionally, the presence of Fe304 in the nanocomposites also 
afforded synergistic effects of adsorption and reduction for metal ions in the aqueous solution. 
iCh is also said to be able to improve the dispersion property of Fe304 in the magnetic Ti02 
D8Ilocomposite leading to the enhancement of the photocatalytic degradation (Xu et ai., 2012). 
Graphene oxide has also been used for heavy metals removal due to their large surface 
which enhance the adsorption ofpollutant for the photodegradation (Cui et ai., 2015). Reduced 
f'lphene oxide-metal oxide (rGO-Ti02-Fe304) was investigated for the adsorption of As(III) 
(Benjwal et ai., 2015). 147.05 mg g-l ofAs(Ill) was able to be adsorbed when using rGO-Fe304­
1102 nanocomposites. This is believed due to the surface area enhancement ofrGOIFe304/Ti02 
173.10 m2 g-l which resulted from the synergistic interaction between rGO and Fe304. 
O.vTi02lgraphene (FTG) ternary nanocomposites with high surface area of 422.84 m . g-l 
promoted to a high adsorption capacity ofCu(II) ions, 87.4 mg g-l (Sun et ai., 2017). After five 
of Cu(lI) adsorption by the FTG nanocomposite, the adsorption capacity declined only 





Since most of these nanocomposites exist In powder form studies have sought 
immobilize Fe304 NPs into polymeric biomaterials such as alginate, alginate, and chitosan as 
they exhibit non-toxic and unique biocompatibility and biodegradability properties (Betigeri & 
eau,2002; Lakouraj et al., 2014; Gopalakannan & Viswanathan, 2015; Konwar et at., 2015). 
For instance, Jiao et al. (2014) embedded Fe304 and Ti02 into calcium alginate beads for the 
removal ofPb(II) ions in the mixture of mud. Pb(II) ions demonstrated an increase ofadsorption 
capacity from 25.0 to 95.0 mg/g within 240 min at the medium pH 6.20. To the best of our 
knowledge, limited number of studies have been conducted on the multi-heavy metals removal 
by using magnetic Ti02 based nanocomposite. Studies by Ismail et al. (2008) and Jiao et al. 
(2015) have attempted to remove heavy metals using Ti02/Si02 and Fe3041Alg­
polyvinylpyrrolidone (PVP), respectively. Therefore, more studies should be performed on the 
mnoval of multi-heavy metals from wastewater as they typically present as mixtures of metals 
2.5: Selected studies of magnetic Ti02 based nanocomposites for heavy metal removal 
Heavy Parameters used Removal Reference 
metals efficiency 
te 
Fe)04fTi02/Graphene Cu(II) • Concentration of Adsorption Sun et at. 
Cu(II): 50 ppm capacity: (2017) 





• Concentration of 
Cd(II): 15-200 
ppm 
• Concentration of 
Hg(II): 20-25 
ppm 
















Table 2.5 continued 
Fe304/Si02lTi02 core­ Ag(l) • Concentration of Maximum Kunarti et al. 
shell nanoparticles Ag(l): 12.5 ppm percentage (2017) 
removal: 
{I} 97.0% 
FeJOJri02 embedded Pb(II) • Concentration of Maximum Jiao et al. 
in CaAlg beads Pb(II): 25-200 percentage (2014) 
ppm removal: 
.pH: 6.2 (1) 100.0% 
• Contact time: (achieved at 25 
240 min ppm) 
rGOITi02IFe304 As(lII) • Contact time: 50 Maximum Benjwal et al. 
- 100 min adsorption (2015) 
capacity: 
(1} 147.05 mg g-I 
2.8 Model Pollutants 
2.8.1 Dyes 
Dyes are substances that can provide colour when applied to a substrate through dyeing 
process (Chequer et al., 2013). The coloured substances are permanent and cannot be removed 
by washing with water, soap or via exposure to sunlight (Sharma et al., 2014). This substances 
are widely used in the pharmaceuticals, textile, food, cosmetics, plastics, and paper industries 
(Shanna et ai., 2014). Among these industries, dyes are mostly used in the textile industry to 
colour materials such as fibre, yam, fabric, and garment (Kanawade & Gaikwad, 2011). 
According to Sadeghi-Kiakhani et al. (2013), there are hundreds of thousands of commercially 
available dyes with annual productions exceeding 7 x 105 tons. There is no exact data that have 
been reported on the amount of dyes discharged into water streams. However, in the worldwide 
textile industry, approximately 100 tonnes per year of dyes used during the dyeing process and 
finishing operations are discharged into water streams (Chequer et al., 2013; Yagub et al., 
2014). If left untreated, this will lead to numerous serious environmental problems such as 
Kduced photosynthesis by aquatic plant and high toxicity level in the aquatic ecosystem (Tayeb 
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Hussein, 2015). Exposure of dye-contaminated effluents to humans may also cause health 
impacts such as severe headache, mental confusion, and profuse sweating (Singh et at. , 
Common conventional methods such as adsorption, ion-exchange, ultrafiltration, 
~._~EoU,l"LI'"U, and membranes have been applied to remove dyes from wastewater (Bafana et at., 
2011; Kumar, 2017). However, dyes tend to escape from wastewater treatment plants due to 
lbe.irhigh stability to light, temperature, water, detergents, and other parameters such as bleach 
8Dd perspiration, making them persist in the environment (Joshi et at., 2004). Advanced 
_,>T...'I1"'TI"T treatment is therefore necessary to deal with highly stable and persistent dyes. 
Dyes are classified based on their chemical structures that predominantly determine 
colours, properties, and uses. The classes of dyes are shown in Table 2.6. 









Among different classes ofdyes, thiazine dyes especially methylene blue is most widely 
in various industries (Postai et at., 2016). Thiazine, however, impart toxicity and 
(Attallah et at., 2016). Therefore, their removal from effluents are crucial. The 
components present in azo dyes make it toxic to human and aquatic life (Wang & Xu, 
2). In the current study, methylene blue has been selected as the model pollutant due to their 
consumption in many industries compared to other dyes. 
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Methylthionine chloride or most commonly known as methylene blue (MB) is a 
heterocyclic aromatic chemical compound with the molecular formula C16H1SCIN3S (Figure 
2.8). MB is synthesized through the oxidation ofN,N-dimethyl-phenylenediamine with sodium 
dichromate (Na2Crz07) in the presence of sodium thiosulfate (Na2S203), followed by further 
oxidation in the presence ofN,N-dimethylaniline (Randvere & Konzelman, 1980). 
cr 
Figure 2.8: Chemical structure of methylene blue 
MB is a cationic thiazine dye that exhibits a deep blue colour in the oxidized state and 
turns colourless when it is reduced to leucomethylene blue (Miclescu & Wiklund, 2010). In 
industrial applications, MB is used to give colour to textiles such as silk, cotton, and wool (Leon 
lIal., 2016). MB loaded effluents are highly visible even at low concentrations (Mohammed et 
til. 2014). Compared to other synthetic dyes, MB is not highly hazardous but the effects of 
m e exposure to MB may lead to increased heart rate, vomiting, diarrhoea, nausea, and shock 
(Umoren et at., 2013). Additionally, their discharge into water bodies causes various problems 
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IUChas lowered light penetration and photosynthesis and damage to the aesthetic nature of the 
2014). Hence, the removal of MB from effluents has 
significant environmental impact. 
Although, there is no data on the permissible exposure limits for MB by the 
Occupational Safety and Health Administration, MB colour is visible even at low concentration 
• low as 1 ppm (Nsami et at., 2013). Adsorption method is commonly used as it is the most 
effective method for MB removal compared to other conventional methods due to their 
simplicity ofdesign, ease ofoperation, cost efficiency, and eco-friendly (Keyhanian & Shariati, 
2016). Activated carbon, clay, and synthetic polymeric adsorbents are among the most used 
adsorbents to remove the MB (Umoren et at., 2013). Even so, their separation process from the 
tJated water involve high cost related to its production and regeneration (Charles et ai., 2016). 
Besides, this method is only transferring the pollutants from one phase to another phase without 
completely eliminating the pollutants from the wastewater (Mohammed et ai., 2014) . 
.DYS;;IIlLUClLUY, the pollutants are accumulated and could transform into more toxic products. In 
Jiahtofthese reasons, it is necessary to develop an economical and efficient method to remove 
MB from wastewaters to maintain the quality of our water supply from deteriorating. 
Generally, the term heavy metals refer to trace elements and metalloids that are toxic 
_ very persistent (Bhat & Khan, 201 }). List of the most toxic elements present in wastewater 
arsenic (As), lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), copper (Cu), nickel 
silver (Ag), and zinc (Zn) (Akpor et ai., 2014). Examples of metals, semi metals or 
.{)Duc:llac~s are silver (Ag), aluminium (AI), arsenic (As), gold (Au), cadmium (Cd), 
IIIIDmlum (Cr), lead (Pb), copper (Cu), and magnesium (Mg). According to Barakat (2011), 
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metals are categorized as an inorganic wastewater pollutant with a density of more than 
. On the other hand, Akpor et al. (2014) defined heavy metals as elements with an atomic 
,- "",, greater than 6 glcm3• However, classification of heavy metals based on their density, 
. mic weight, atomic number or chemical properties sounds obsolete in the current context. 
it would be more relevant to categorize them with reference to their eco-toxicity (Bhat & 
The most common toxic heavy metals in wastewaters are As, Pb, Hg, Cd, Cr, Cu, Ni, 
and Zn. These heavy metals usually generate from building materials, pigments for glazing 
~1eIlIUDl·~:S and pipes for transporting water (lamp, 2003). Industries also tend to dump their toxic 
containing heavy metals directly into water bodies without treatment (Buthiyappan et 
2016). Industrial effluents usually consist of multi-heavy metals rather than only a single 
r_ nerlt. The accumulation of these heavy metals in water bodies results in adverse effects to 
and aquatic ecosystem, such as low water quality and related diseases (typhoid, 
IIookw()rm diarrhea, vomiting and respiratory infections) (Zeitoun & Mehana, 2014). As heavy 
are non-biodegradable, efforts have been made by researchers to remediate and eliminate 
toxic substance from our water bodies (Neyaz et at., 2014; Horst et ai., 2016). 
The removal of heavy metals from the wastewater could be achieved by treatment 
lIRJC:ess~:!S such as chemical precipitation, coagulation and flocculation, complexation, activated 
adsorption, ion exchange and membrane operation (Gunatilake, 2015). However, these 
_ IOds are prone to limitations. For instance, the coagulation-flocculation method works the 
to remove the heavy metals by continuously enlarging the particles size to discrete 





the formation of sludge and substantial usage of chemicals have been the main drawbacks 
method (Teh et at., 2016). 
Another method that is claimed to be one of the best methods is the adsorption. The 
application of activated carbon for the adsorption of heavy metals has been studied by many 
mearchers (Goel et at., 2005; Jung et at. , 2013; Charles et at., 2016;). Activated carbon exhibit 
surface area and thus enhances the adsorption process of the heavy metal onto its surface 
(Toet at., 2015). However, the heavy metals will be only transferred from one phase to another 
Jnd cause an accumulation of these toxic heavy metals (Aguedach et at., 2005). Moreover, the 
;separation and recovery of activated carbon from the treated water is tedious (Charles et at., 
The permissible concentrations for heavy metals in water referred to as the maximum 
~taminant levels (MCL) have been outlined by the United States Environmental Protection 
(USEPA) (Table 2.7). The USEPA also identified Cr, Pb, and Cu as the most toxic 
metals due to their high toxicity levels (Barakat, 2011). The following sections provide 
_ u",u information pertaining to the chosen heavy metals, Cu, Pb and Cr. 
2.7: The MCL for heavy metals by the USEPA 
Potential health effects from long MeL Sources of contaminant 
term ure above mel 
Skin damage, pose cancer risk and 0.050 	 Erosion of natural 
problem with circulatory system 	 deposits; leachate from 
electronic production 
waste 
Kidney damage, human carcinogen, 0.01 	 Deterioration of 
renal disorder 	 galvanized pIpes; waste 









Allergic dermatitis, headache, 0.05 . .
carCInogenIC 
Liver or kidney damage, Wilson 0.25 
disease, insomnia 
For infants and children: slow mental 0.015 
development 
For adults: high blood pressure, 
kidney problems 
Kidney damage, rheumatoid arthritis, 0.00003 
and nervous system 
Waste released from steel 
and pulp mills; erosion of 
natural deposits 
Deterioration of household 
plumbing system; erosion 
of natural deposits 
Deterioration of household 
plumbing system; erosIOn 
of natural deposits 
Deterioration of household 
plumbing system; erosion 
of natural deposits 
Lead or Pb(II), with the molar mass of 207.2 g/mol, is listed among the heavy metals 
with a high toxicity even at low exposure levels (less than 0.0015 ppm) (lamp, 2003). It has 
onlytwo oxidation states, 0 or +2. Human exposure to Pb(II) leads to various illnesses such as 
'dney damage, increase in blood pressure, and reduced sperm count (Jan et a!., 2015). 
eanwhile, discharge of Pb(1I) into the environment may interfere with the food chains of 
IqUatic organisms as well as mammals due to ingestion. The allowable level of Pb in drinking 
water was reduced from 0.6 ppm to 0.05 ppm in 2000 (Brooks et ai., 2010). Due to the poor 
tmvironment today, the presence of Pb at any concentrations is considered unsafe (Loredo et 
2006). Nevertheless, the Indian Standard Institution (lSI) has set the tolerance limit for the 
discharge into the wastewater at 0.10 ppm (Goel et ai., 2005). While, according to World 
Organization (WHO), the presence of Pb in wastewater must be below than 0.05 ppm. 
There are numerous sources ofPb(II) from various operations that cannot be controlled 
an estimated 300 million tons of Pb(II) has been released into the environment over the 
five millennia (Rodriguez, 2015). Both natural sources and industrial effluents are the 
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sources that contribute to the pollution of Pb in environment (Arbabi et al., 2015). 
ro!lcanic eruption and weathering of rocks are the natural sources ofPb(lI) emissions from the 
's crust. Industrial sources of Pb include cement production, fuel additives, waste disposal, 
manufacturing, metal plating (Barakat, 2011). The concentration of Pb in the industrial 
is dependent on the type of industry with a typical range of 200 to 500 ppm (Arbabi et 
2015). The Pb level in Pb-contaminated wastewater should be reduced to 0.05-0.10 ppm 
to its discharge into the sewage system (Arbabi et al., 2015). 
From the above environmental point of view, Pb can be considered as a highly toxic 
metal. For Pb removal, treatments such as adsorption, precipitation, electro-dialysis, 
IIIIlC:ntatiOll, and reverse osmosis are mostly applied. 
Chromium (Cr) is regarded as the 17th most abundant element in the Earth's mantle 
..... ....r ..n 
 & Sharma, 2015). It occurs naturally as chromite (FeCrz04), crocoite (PbCr04), 
Ca6(Cr,AI)2(S04)3 and tarapacaite (K2Cr04). Cr is mostly found in industries such as 
alloying, tanning of animal hides, inhibition of water corrosion and textile dyes 
.lainla~lgalm et al., 2003). The anthropogenic application of Cr in various industries have 
an increase in Cr contamination over the years. Cr is known to exist in several oxidation 
from 0 to VI, but the most stable states are Cr(O), Cr(III), and Cr(IV) (Oliveira, 2012). 
itSClIUbUlt) of Cr vary with their oxidation states. For instance, Cr(IlI) tend to precipitate at 
to basic pH but remain soluble in acidic pH. Cr(IlI) recommended limit in water is 0.008 
Tannery, textile (printing, dying) and decorative plating are among the industries where 
are mostly found (Stanin, 2005). For example, in India, about 2000 - 32,000 tons of Cr 
from the tanning industries to the environn1ent (Nigam et al., 2015). Moreover, the Cr 
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!1IOD.centratlon in these industries are always over the recommended limits 2 to 5 gIL (Bhalerao 
Sharma, 2015). Therefore, due to the high concentration of Cr in wastewaters and the 
. ngent environment regulations, their removal has gained importance (Gupta et ai., 2009). 
According to Okocha & Adedeji (2012), copper (Cu) is one of the important nutrients 
lIQUrred in small amounts (5-20 ~g/g) by all organisms including human and aquatic life for 
~lI'Ih\jrtir~tp metabolism. However, when Cu accumulation exceeds 20 ~g/g, it becomes toxic 
VI\.\J""UG & Adedeji, 2012). The main sources of Cu are the solid waste from mines, electrolyte 
the electro-refining plant, and acid sponge from sulphuric acid plant (Bhatia, 2002). The 
of Cu in the industrial effluent depends on the industrial activity. For instance, 
ppm of Cu was reported present in the mining effluent from the Cu mine "Cerovo" in 
(Ochoa-Herrera et ai., 2011) while 5 to 100 ppm ofCu was found in the semiconductor 
~ulents (Sierra-Alvarez et ai., 2007). 
According to Wuana & Okieimen (2011), Cu is the third most used metals in the world. 
applications include seed production, disease resistance, agricultural fertilizers, wood 
...."orv~tiVf·~ and regulation of water. Exposure to Cu has been linked to various human 
such as anaemia, liver damage and kidney failure (Tchounwou et ai., 2012). Cu(II), 
and Ni(II) are proven to retard the metabolic functions of aquatic life by specifically 
to proteins and small metabolites in living cells, leading to various severe health 
(Oztiirk & Sahan, 2015). As Cu is persistent in water, it cannot be destroyed 
1MUf!r'''G'IIJ but can only be transformed from one state to another state (Jiang et ai., 2016). 
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19 Response Surface Methodology (RSM) 
In 1951, Box and Wilson developed RSM to study the interactive effect among 
independent variables with the respect to the response variables (Absalan & Nikazar, 2016). It 
IS dermed as a collection of mathematical and statistical techniques based on the fit of a 
polynomial equation to the experimental data (Bezerra et ai., 2008). RSM is an essential tool 
to illustrate the response surface when it involves more than two independent variables, which 
is impossible when using conventional method (Morshedi & Akbarian, 2014). Traditional 
chemistry for optimization are carried out by monitoring one 
factor at a time on an experiment response (Thirugnanasambandham & 
·"akumar, 2015). The major drawback of this process is that it does not include interactive 
among the variables studied. Other than that, there is a great number of experiments that 
Would lead to an increased consumption of reagents and materials (Bezerra et at., 2008). 
According to Bezerra et ai. (2008), on account of the drawback of the traditional 
~UV\JI~, RSM is introduced to optimize multiple independent variables using the multivariate 
technique, where responses are illustrated in 3D surface and the adequacy of the model 
determined. A remarkable optimization can be achieved by conducting initial 
ammnlents with several conditions. This can be used to avoid using the insignificant range in 
RSMstudy and help to focus on important factors and their range to achieve an efficient 
~I.."a. modelling (Steinberg & Bursztyn, 2010). In the RSM, the independent variables are 
as XI, X2,..... ,XK and the response variables is called y (Khidhir et ai., 2015). 
In order to interpret the data into the 3D surface plots, the first-order and second-order 
of the low order of the polynomial are usually used. Their equations are expressed as 




here, k is the number of variables, {3o is the constant term, {3i represents the coefficients of the 
linear parameters, Xi represents the variables, {3ij represents the coefficients of the interactions 
parameters, {3ii represents the coefficients of the quadratic parameter and E is the residual 
First order and second order designs are named the designs for first-order model and 
accond-order model, respectively. The most common first order designs are the 2k factorial (k 
• the number of control variables), Plackett-Burman and simplex designs. Frequently used 
JeCOnd order designs include 3k factorial, Box-Behnken (BBD) and central composite designs 
(Khuri & Mukhopadhyay, 2010). However, only second order designs are applied in the 
~OPIimization technique since the first order design is usually used in the preliminary stage of a 
1&_IIVIl.'" surface investigation (Ba~ & Boyacl, 2007). 
Another advantage of using the RSM as a tool for optimization is the lower number of 
IIIJPennlents needed compared to the conventional method, thus making it an economical 
bn'()achto establish a reliable interpretation ofdata (Morshedi & Akbarian, 2014). Among the 
mentioned above, BBD is the most efficient design to estimate the second order 
surface (Robinson, 2007). 
Box-Behnken Design (BBD) 
Robinson (2007) reported that BBD is based on three-level factorial designs (-1, 0, 1) 
are greatly efficient for estimating second-order surface. In a research study, it is necessary 
practical to be able to achieve the main objective in the minimum period of time. Hence, 
a design that can minimize the number of experiments yet enables an interpretation of 
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with a statistically significant model is highly favourable. Emerson & Cavazzuti (2013) 
that BBO can limit the number of experiments that will be conducted as the number of 
)JInuneters used in the study increases. 
Besides, the number of experiments is sufficient for data interpretation using the second 
degree of the polynomial. It has also been described by Robinson (2007) that BBO is 
IQUlnparable to CCO in terms of size. Table 2.8 shows the application of this design based on 
variables in coded values (x I, X2 and X3) (Ferreira et ai., 2007). Each of the variables will 
be varied at three levels and three replicates are conducted in the center (Yu & He., 2017). The 
:aq1Ilaucm is expressed as follows (Eq. 2.13): 
=2k(k - 1) + C (2.13) 
n is the number of experiments, k is the number of variables (3 for each Box-Behnken 
) and C is the number of replicates at the center. 
From Table 2.8, BBO appears to be smaller in size as it only contains 12 + nc runs, 
CCO has 14 + nc runs (Robinson, 2007). Hence, smaller number of experiments are 
by BBO than CCO. 
employed BBO to explore the efficiency of Ti02 based 
illKlCornp()slt,es in wastewater treatment. A study by Absalan & Nikazar (2016) utilized the 
dioxide/titanium dioxide composite (Fe304/Si02ITi02) under solar irradiation. 
results showed an efficient colour removal of 91.10% under optimized conditions: 
IICllDat.lOn temperature = 392 °c, SiIFe304 wt% = 17.35% and Ti/Fe304 wt% =50.17%. 
study that also involved Si02 and Ti02 successfully achieved complete removal of 
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Ni2+ and Cd2+ from aqueous solutions under optimized conditions suggested by the BBD 
application. The optimized conditions were pH = 8, initial concentration of Ni2+ and Cd2+ = 10 
Table 2.8: Coded factor levels for the BBD of a three-variable system 
Experiment Xl X2 
I -I -I o 
2 1 -1 o 
3 -1 1 o 
4 1 1 o 
5 -1 o -1 
6 1 o -1 
7 -1 o 1 
8 1 o 1 
9 o -1 -1 
10 o 1 -1 
II o -1 1 
12 o 1 1 
C o o o 
C o o o 
C o o o 
Table 2.9 summarizes other studies that used the BBD application for the optimization 
ri02 based nanocomposite in the removal of water pollutants. Based on the above reasons, 
was selected for the current study in the optimization of the parameters (pH, contact time, 
initial concentration) on enhancing the photocatalytic degradation ofwastewater pollutants 
optimized AIg/Ti02IFeNPs. 
2.9: Examples 	of studies which used BBD to assess the efficiency of Ti02 based 
nanocomposite for the removal of pollutants 
Type of Independent Responses Results References 
water variables 
pollutants 
Methylene Calcination Colour Colour Absalan & 
blue (MB) temperature, removal =91.10% Nikazar 




Pb2+ 	 Initial metal Pb2+ Pb2+ ions Tao et al. 
concentration, pH removal removal (2009) 
and temperature =90.6% 
Ti<n!hydroxyapat Sulfameth Initial SMXand SMX Chun et al. 
ite (Ti02IHAP oxazole sulfamethoxazole TOX removal (2014) 

















shaking time removal removal 
= 100% 
Cerium dioxide- Paraquat Ce02 ratio, PQ PQ Eleburuike 
Ti02 dichloride calcination removal removal et al. 





Alachor Catalyst loading, Alachor Alachor Wantala et 
number of black removal removal al. (2012) 
light and pH =69.78% 
Acid blue- pH, light intensity Decolouriz Decolouriz Fu et al. 
7 and bias potential -ation -ation (2009) 
efficiency efficiency 
= 90.44% 
1,2­ Calcination Degradatio Percentage Nadarajan 
dichlorobe temperature, -n of 1,2­ of et al. 
nzene catalyst loading dichlorobe degradatio (2015) 




Paraquat Initial paraquat Paraquat Paraquat Tantriratna 
dichloride concentration, dichloride removal et al. 
pH, Ti02 content removal = 90.04% (2011) 
and catalyst 
loading 
Phenol Initial phenol Phenol Phenol Sohrabi & 
concentration, removal removal Akhlaghian 





MATERIALS AND METHODS 
Materials and Reagents 
Alginic acid sodium salt (NaAlg), titanium (IV) oxide (Ti02) (anatase powder, 99.8% 
lrace metal basis), and methylene blue were purchased from Sigma-Aldrich (USA). Lead(II) 
(pb(N03)2) and chromium(III) nitrate nonahydrate (Cr(N03)3.9H20 were both 
~"Irt"hllc:,"t1 from R&M Chemicals while copper(II) sulfate pentahydrate (Cu(S04)2.5H20 was 
1Ca1l1lrea from J.T.Baker. Iron (III) hexahydrate (FeCb.6H20), iron (II) chloride tetrahydrate 
H20), tri-sodium citrate (Na3C6H507), and sodium hydroxide (NaOH) were procured 
Merck (Germany). Calcium chloride dehydrate, CaCh.2H20 was purchased from Ajax 
tim:chem Pty. Ltd. (Australia). Sulfuric acid (H2S04) and sodium hydroxide (NaOH) were 
IJDDllIea by Merck (Germany). 
Equipment and Instruments 
Equipment and instruments that were used in this study includes mini pump variable 
(Model 3385), field emission scanning electron microscope (FESEM) equipped with an 
dispersive X-ray spectroscopy (EDX) (Model JOEL JSM-6390LA), fourier-transform 
spectroscopy (FT -[R) (Model Thermo Nicolet is 10), X-ray diffraction (XRD) (Model 
X'pert Pro XRD), and transmission electron microscopy (TEM) (Model JEM 
Synthesis of Magnetite Nanoparticies (MNPs) 
The method ofMNPs synthesis was based on the co-precipitation method adapted from 
:uu.a'U~l1 et al. (2012) with a slight modification. In the applied protocol, two concentrations of 
(2 M and 5 M) were selected (Kanakaraju et al., 2018). FeCh.4H20 (1.00 g, 5 mmol) 
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and FeCh.6H20 (2.70 g, 10 mmol) were mixed in 130 mL distilled water in the presence of 
Argon atmosphere (Ar atm) under vigorous stirring. Subsequently, 30 mL of NaOH (either 2 
Mor 5 M) was added rapidly into the mixture, and formed black precipitates known as MNPs. 
The mixture was then heated up to 60°C under rapid stirring for 1 h under Ar atm. A final pH 
14.00 of the mixture indicated a complete precipitation. The mixture was left to cool down to 
room temperature, and the MNPs were separated using an external magnet, followed by 
washing several times using distilled water and ethanol until neutral pH was achieved. 
The MNPs were re-dispersed for 30 min in 200 mL of Na3C6H507 solution (0.3 M) 
before being heated at 80°C for 1 h. The MNPs were then washed with acetone to remove any 
mnnant of Na3C6H507. Finally, the MNPs were re-dispersed in 100 mL of distilled water for 
30 min to form a stable ferrofluid. The prepared ferrofluid was stored in the fridge (4°C) until 
3.4Synthesis of AIg/Ti02/FeNPs 
The process of synthesising Alg/Ti021F eNPs was adopted from Hasanpour et al. (2012). 
In this study, however, two different concentrations of NaAlg were chosen to prepare NaAlg 
lutions, namely 5.0% (w/v) and 3.0% (w/v) (Kanakaraju et ai., 2018). NaAlg was dissolved 
100 mL of distilled water overnight. Then, 50 mL of NaAlg solution was added slowly into 
mL ofdispersed ferrofluid and this mixture was sonicated for 30 min. Subsequently, 50 mL 
gil of Ti02 solution was added into the mixture and sonicated again for 30 min to achieve 
dispersion. In this study, commercial Ti02 was used. The volume ratio of the MNPs­
to Ti02 mixture was kept as I : 1. The final mixture consisting of NaAlg, MNPs-citrate, 
Ti(h photocatalyst was agitated under continuous stirring overnight. Then, the mixture was 




aidof a peristaltic pump, under constant stirring. The falling height of the beads was fixed at 5 
. The beads were maintained in the CaCh solution overnight to complete the gelation process 
(Kanakaraju et al. 2017). The beads were then dried at room temperature for 36 h and later used 
formodel pollutant removal. Alg-5%, Ti021Alg, and MNPsIAlg were also prepared as blank 
beads. Figure 3.1 summarizes the synthesis process of Alg/Ti02IFeNPs and blank beads, while 
Figure 3.2 shows the picture of the prepared Alg/Ti02IFeNPs. The synthesis conditions for the 


















Alg-5% Ti02/Alg MNPs/Alg- AlglTi0-2/FeNPs 
beads beads beads beads 
Figure 3.1: Synthesis process of Alg-5%, Ti02/Alg, MNPs/Alg, and Alg/Ti02IFeNPs beads 
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Figure 3.2: Prepared Aig/Ti02IFeNPs beads 
Table 3.1: The synthesized AIglTi02/FeNPs and blank beads along with their assigned codes. 
Synthesized beads Sample code 
2 MNaOH ofMNPs-citrate/3% CaAIgl2 giL Ti02 AIglTi02/Fe-l 
2MNaOH ofMNPs-citrate/5% CaAIgl2 giL Ti02 AlglTi02/Fe-2 
SMNaOH ofMNPs-citrate/3% CaAIgl2 giL Ti02 AIglTi02/Fe-3 
SM NaOH of MNPs-citrate/5% CaAIgl2 giL Ti02 AIglTi02IFe-4 
5% CaAlg Alg-5% 
2 giL Ti02/5% CaAlg Ti02/Alg 
MNPs-citrate/5% CaAlg MNP~lg 
3.S Characterization of MNPs, AlglTi02IFeNPs and Blank beads 
MNPs were characterized using TEM to observe their morphology, before and after 
citrate surface coating. Fourier transfonn infrared spectroscopy (FT-IR) spectra of Alg-5%, 
TiOVAlg, MNPs/Alg and optimized AIglTi02IFeNPs were recorded by using standard KBr 
pellet in wave number range 4000 and 400 cm- i . The morphologies and structures of the 
':IYlllme:Slz~:O beads were characterized using FESEM, equipped with EDX. The measurements 
perfonned at an accelerating voltage of 10 kV under vacuum. The crystalline structures 
the beads were observed using XRD method using Cu Ka radiation (A = 0.154 nm) in the 
_ W U116 range of 28 between 10° and 80°, with a rate of 0.04° per second. The accelerating 
and applied current were 45 kV and 40 rnA, respectively. For phase identification, an 
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1~lD1tom;atlc JCPDS library search and match was used . 
•6 Determination of the Zero Charge of the AlglTi02/FeNPs 
The procedure for the determination of the point zero charge (PHpzc) was adapted from 
Putra et al. (2009). Firstly, 50 mL of 0.01 M ofNaCI was added into six different Erlenmeyer 
flasks. Then, pH in each flask was adjusted to 2.00, 4.00, 5.00, 6.50, 10.00, 12.00 and 14.00 
using0.1 M HCI and 0.1 M NaOH. The solution pH in each flask represented the initial pH (PH 
iaitial). A 0.15 g of AIglTi02/Fe-2 was subsequently added into each flask and the solution 
mixture was continuously stirred for 24 h. The final pH of solution in each flask was measured 
after 24 h. The pHpzc of the optimized AlglTi02/Fe-2 is the point where the pHfinal = pHinitial. 
To investigate the adsorption and photocatalytic efficiency of AIglTi02/FeNPs, two 
lDodel pollutants were selected, namely, MB and MHM solution consisting of Pb(II), Cr(lll), 
7.1 Methylene Blue (MB) 
Initial MB concentration ranging from 5 ppm to 25 ppm were used in all degradation 
",_,UIlI......" . The initial MB solution pH was recorded as 7.75 ± 0.01. To investigate the effect 
pH on the removal of MB, the desired initial solution pHs of 3.00, 7.00, and 10.00 were 
ODUlme:Q using either H2S04 or NaOH solutions. 
7.2 Mixture of Heavy Metals (MHM) 
MHM aqueous solution consisting of Pb(lI) ions, Cu(II), and Cr(lll) was prepared by 
the respective metal salts using deionized water. Metal stock solutions (1000 ppm) 
diluted to the desired concentrations using deionized water. Initial concentrations ofMHM 




Ibeir adsorbent dosages were investigated. 
recorded as 2.10 ± 0.01. For the effect of pH study the desired initial pHs of 4.00, 5.50 and 
.00 were adjusted by the addition of H2S04 or NaOH. 
Figure 3.3 shows the photocatalytic experimental setup for both model pollutants (MB 
Il'ld MHM). The study was carried out in a dark box under Uye lamp (A=254 nm) (Model 
OSRAM, 30 W). Prior to the optimization of the photocatalytic conditions using Response 
.mace methodology (RSM), the effect of the synthesized conditions of AIglTi02/FeNPs and 
UVlamp 
----:;jj+ - Methylene blue or mixture of heavy metals 
in aqueous solution AlglTi02/FeNPs--:~-+-c-t.. 
Magnetic stirrer 
Figure 3.3: Experimental setup of the photocatalytic study 
1 Effect of Synthesis Condition and Adsorbent Dosage on the Pollutant Removal 
The optimized AlglTi02/FeNPs was determined in the MB removal and was further 
in the MHM removal. The synthesized AlglTi02/FeNPs, namely, AlglTi02/Fe-l, 
2, AlglTi02lFe-3 and AlglTi02/Fe-4 with different adsorbent dosage from 0.1 g 
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0.6 g was utilized for the MB removal at low MB concentration (5 ppm) without any pH 
ldJulshnent. Firstly, the AlglTi02IFeNPs was added into 100 mL of MB solution and stirred 
the aid of a magnetic stirrer in the dark for 30 min to establish an equilibrium adsorption 
MB molecules onto the adsorbent surface. After that, 10 ml of the sample was taken as to. 
the setup was irradiated by 254 nm UV lamp (OSRAM, 30 W) for 2 h. Samples were 
~anrl~nr~IUln at fixed intervals (bo, t60, t90 and tl2o) and centrifuged prior to measurement. The 
ilbSorbanc:e value was measured using a UV-Vis spectrophotometer (Model Lambda 25­
at a maximum wavelength Amax = 664 nm (MB). A standard calibration of the 
lI)SorDanc:e against the concentrations was then plotted to detennine the concentration of the 
The optimized AlglTi02IFeNPs obtained from the MB removal was further applied for 
removal with the adsorbent dosage ranging from 0.1 g to 0.8 g. 20 ppm of MHM 
(100 mL) without any pH adjustment was used. Similar procedures in MB 
removal (Section 3.7.1) were applied for the photocatalytic experiment of 
under UVC light. A 15 mL ofMHM sample was withdrawn during the treatment period 
ro(initial concentration) and at the end of the irradiation period (tI20) (final concentration) 
analyzed by means ofInductively Coupled Plasma Mass Spectrometry (ICP-OES) (Model 
ICPM-8500). The removal percentage for both pollutants were calculated 
(3.1 ) 
R is MBIMHM removal percentage, Ci is the initial MB/MHM concentration in ppm 
Cr is the final concentration of MB/MHM in ppm. 
60 

Determining Optimum Condition for MB Removal via RSM analysis 
From the preliminary study (Section 3.7.1), the optimized Aig/Ti02/FeNPs and 
,Mct\mpnt dosage was selected and applied in RSM via the three-level, three factorial Box­
~dd~mninirlg the optimum condition of MB removal. This method is appropriate for fitting a 
quadratic surface and it helps to optimize the effective parameters with a minimum number of 
experiments, including analyzing the interaction between the parameters (Khosravi & Arabi, 
2016). In the optimization study, a series of experiments, known as runs, were employed. 
independent variables were studied, which includes the contact time (ranging between 
to 120 min), pH value (in the range of3.00 to 10.00), and initial MB concentration (ranging 
5 to 25 ppm). All experiments recorded were conducted under uve irradiation (A = 254 
Samples were withdrawn at a specific contact time as suggested by the RSM design 
. The factorial levels were coded as -1 (low), 0 (medium), and 1 (high). Table 3.2 
the experimental range and levels of independent variables considered in this 
*ble 3.2: Range and levels of the independent variables for MB removal. 
Range and Levels 
Variables Coded -1 0 1 
Contact time (min) A 30 75 120 
pH B 3.00 6.50 10.00 
lnitial concentration C 5 15 25 
There were a total number of 16 experiments ofBBD to be analyzed. Table 3.3 shows 
16 experiments with the ranges and levels in coded units. RSM used regression analysis to 
the experimental data from BBD. 
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Table 3.3: RSM for the three independent variables in corresponding natural values and coded 
units of MB removal. 
Run Inde~endent variables Coded variables 
Initial
Contact time 
pH concentration A B C(min) 
(ppm) 
I 30 3.0 15 -1 -1 0 
2 120 3.0 15 +1 +1 0 
3 30 10.0 15 -1 -1 0 
4 120 10.0 15 +1 +1 0 
5 30 6.5 5 -1 -1 -1 
6 120 6.5 5 +1 +1 -1 
7 30 6.5 25 -1 -1 +1 
8 120 6.5 25 +1 +1 +1 
9 75 10.0 5 0 0 -1 
10 75 3.0 25 0 0 +1 
II 75 10.0 25 0 0 +1 
12 75 6.5 15 0 0 0 
13 75 6.5 15 0 0 0 
14 75 6.5 15 0 0 0 
15 75 6.5 15 0 0 0 
16 75 6.5 15 0 0 0 
The collected data was fitted to a second-order polynomial equation to establish a 
'\rC18IUon:Shlp between the response and the various variables. The equation can be written as in 
3.2 (Liu et al. 2010): 
(3 .2) 
predicted response, which is the removal percentage of MB by the AIg/Ti02/FeNPs 
= linear coefficient of the input factor xi 
quadratic coefficient of the input factor xi 
different interaction coefficients between the input factors 
and E = error of the model 
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The analysis of variance (ANOV A), which included the lack of fits, the coefficient of 
regression (R2), and the Fisher test value (F-value), was used to determine the adequacy ofthe 
model (Chaibakhsh et ai., 2015). The significance of the model and model variables were 
detennined at the 5% probability level (p < 0.05). The model is considered as statistically 
significant and accepted when the significance probability value (p > F) is small «0.05). The 
significance of the model was further determined by the R2 value, where higher R2 indicating 
a high significance of the model (Javanbakht & Ghoreishi, 2016). This software applied 
quadratic equation to build the response surfaces. 
To find an optimum condition, the response plots such as contour and 3D plot were 
used. To generate optimal condition, the goal for the response (MB removal) was set to 
"target", while the independent variables (PH, initial concentration and contact time) were set 
to be "within the range". 
3.8.3 Determining Optimum Condition for MHM Removal via RSM Analysis 
The optimized AlglTi02iFeNPs and adsorbent dosage obtained from the preliminary 
study of MHM removal (Section 3.7.1) was utilized for the optimization condition for MHM 
removal using the BBD (Design Expert software version 7.1.6) likewise the MB removal. The 
concentration of MHM solution, initial pH of the solution and contact time were set as the 
independent variables, while the removal percentage was fixed as the dependent variable 
(response). The independent variables were coded as -1 (low), 0 (centre point) and +1 (high) in 
the ranges (Table 3.4). There were a total number of 17 experiments of BBD to be analyzed. 
Table 3.5 shows the 17 experiments with the ranges and levels in coded units. RSM used 
regression analysis to analyze the experimental data from BBD. 
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Table 3.4: Range and levels of the independent variables for MHM removal. 
-
Range and Levels 
Variables Coded -1 0 1 
Initial concentration (ppm) A 30 75 120 
pH B 3.00 5.50 7.00 
Contact time (min) C 5 15 25 
Table 3.5: RSM for the three independent variables in corresponding natural values and coded 
unit of MHM removal. 
Run 
-
Independent variables Coded variables 
Initial 
concentration pH Contact time (min) A B C 
(ppm) 
40 4.0 30 0 -I -I 
2 40 4.0 120 0 -1 +1 
3 60 4.0 75 +1 -1 0 
4 40 5.5 75 0 0 0 
5 60 5.5 120 +1 0 +1 
6 40 5.5 75 0 0 0 
7 40 7.0 120 0 +1 +1 
8 40 5.5 75 0 0 0 
9 60 7.0 75 +1 +1 0 
10 60 5.5 30 +1 0 -I 
II 20 5.5 120 -1 0 +1 
12 40 5.5 75 0 0 0 
13 20 7.0 75 -1 +1 0 
14 20 5.5 30 -I 0 -1 
15 20 4.0 75 -1 -1 0 
16 40 7.0 30 0 +1 -I 
17 40 5.5 75 0 0 0 
3.9 Efficiency Comparison and RecyclabiJity Study 
Photocatalytic experiments of MB and MHM using blank beads, Alg-5%, Ti02-Alg, 
and MNPS/Alg under RSM optimized conditions were also conducted to compare their 
efficiency with the optimized AIglTi02IFeNPs. Additionally, the efficiency of the optimized 
AlglTi02/FeNPs was investigated in dark condition as well as under direct sunlight on sunny 
day. The sunlight intensity was recorded using a light meter (Sunche, model HS I 010). The 
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recorded sunlight intensity are ranged between 3,673 ± 1,287 and 37,667 ± 5,750 lux for MB 
and 14,650 ± 638 and 75,050 ± 2,758 lux for MHM respectively. The sunlight experiments 
were performed at an open area in the proximity of our laboratory at the Faculty of Resource 
Science and Teclmology. 
To examine the efficiency of the AlglTi02/FeNPs for repeated use, the optimized 
AlglTi02/FeNPs was regenerated by washing using deionized water for three times and then, 
reused for additional three cycles ofMB and MHM treatments under the optimized conditions. 
3.10 River water for MHM Solution Preparation 
The MHM removal was then tested using real river water sample to simulate the 
discharge of the MHM into the water bodies. River water samples were collected from Sadong 
Jaya Jetty, Kota Samarahan, Sarawak (02°02'36.1 "N, 2°E25'42.4"). Figure 3.4 shows the 
sample collection point. The water samples were filled into polyethylene bottles and 
transported to the laboratory. Then, the samples were kept in the refrigerator at 4°C until 
further analysis. 






River water samples were tested for turbidity, pH and dissolved oxygen (DO). The 
characterizations were performed based on the Standard Methods for Water and Wastewater 
Examination (APHA, 1999). The turbidity of the river water sample was measured using a 
turbidity meter (Mi 415 model, Martini Instrument). A pH meter (Model H 19024 series, 
HANNA Instrument) previously calibrated using buffer solutions pH 4.00, 7.00, and 10.00 
was used to record the pH of river water sample while a DO meter (Milwaukee brand, MW 
600 model) was used to measure the DO values. All water quality readings were measured in 
triplicate. Initial concentrations of Cu(II), Pb(I1) and Cr(IlI) ions were also determined using 
ICP-OES. Table 3.6 summarizes the water quality and heavy metals of the river water samples. 
MHM solution was prepared using the filtered river water. Then, the condition of the 
river water was adjusted according to the optimized condition as suggested from the RSM 
analysis for MHM removal (Section 3.7.3). The optimized AIgfTi02/FeNPs was then added 
into the metals loaded-river water and subjected under UVC light, sunlight and in dark 
(without UVC light) to compare their efficacy in real river water sample. The recorded sunlight 
intensity for the metals loaded-river water treatment is ranged between 52,800 ± 6,223 and 
98,350 ± 2,899 lux. The sunlight experiment was performed similar in section 3.8. 
Table 3.6: Parameters of river water samples collected from Samarahan Jetty 
Parameters Value or Concentration 
7.3 ± 0.1 
DO 4.1 ± 0.1 mg/L 







RESULTS AND DISCUSSION 
4.1 Characterizations of the Synthesized Beads 
Figures 4.1 a and b show the TEM images of MNPs and MNPs-citrate, respectively, 
while the particle size distribution of MNPs and MNPs-citrate can be seen in Figures 4.1 c and 
d, respectively which were prepared by using 2 M of NaOH solution. The image analysis was 
accomplished upon measurement of about 300 particles per sample (Figure 4.1). The diameter 
of the MNPs-citrate particle is smaller compared to the MNPs (Figures 4.1c and d). This 
indicates that the crystal growth of MNPs was hindered by the adsorption of citrate ions on the 
MNPs surfaces and reduced the aggregation ofMNPs (Ruizmoreno et at., 2013). The average 
particle diameter for MNPs and MNPs-citrate were 1.7 ± 1.4 nm and 0.8 ± 0.4 nm, respectively 
(Figures 4.1c and d). For the MNPs, the maximum frequency of their particle size was 
approximately 1.0 nm. Meanwhile, the particle diameter size of approximately 0.4 nm was 
mostly present in the sample ofMNPs-citrate. 
Trisodium citrate functionalization is responsible for the formation of monodisperse 
MNPs (Ruizmoreno et at., 2013). MNPs in Figure 4.1a appeared to be more agglomerated 
compared to MNPs in Figure 4.1 b. The large surface area ofMNPs increases the surface energy 
thus forcing them to aggregate to minimize the surface energy (Mojic et at., 2012). As such, 
trisodium citrate functionalization reduced the surface energy by introducing the carboxylate 
functional groups and creates electrostatic repulsion with the hydroxyl groups of the MNPs 
(Helmi et at., 2014). Moreover, Fe304-citrate can provide an improvement for the adsorption 
ability, which enhanced the degradation rate ofMB (Li & Wu, 2017). 
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Particle diameter (nm) 
Figure 4.1: TEM micrograph of (a) MNPs, (b) MNPs-citrate and the size distributions of (c) 
MNPs, and (d) MNPs-citrate 
The characterization result for AIglTi02/Fe-2 using XRD is presented in Figure 4.2. 
Five ofthe diffraction peaks centred at 28 = 30.1 ° (220), 35.3° (311), 43.0° (400),53.3° (422), 
and 62.7° (440) were indexed to MNPs (JCPDS 019-0629). Meanwhile, the diffraction peak of 
anatase Ti02 was located at 28 = 25.3° (101), according to JCPDS 21-1272. This data reveals 
that these nanoparticles have the anatase fonn of Ti02 and the single-phase cubic spinel of 
Ft)04 (Hasanpour et al., 2012). All diffraction peaks appeared to have weak intensities (Figure 
1). This is due to the Alg coating on the surface of the MNPs, which has a shielding effect 
could have substantially led to weakened intensity of the XRD diffraction peaks (Zheng et 
111.,2016). Hence, the XRD data supported the observation that the synthesis of AIglTi02/Fe-2 
successful. 
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--- XRD AlgffiOVFe-2 
(lOlA) (311) 
28 Degree 
Figure 4.2: XRD pattern of AIglTi02/Fe-2 beads 
Figure 4.3 show the comparisons of FTIR spectra range of the different beads for 
wavelength number 4000 cm- i to 400 cm- i . The wide absorptions band around 3600-3200 cm­
i can be attributed to the stretching vibration of -OH from the hydroxyl group (Hammouda et 
al., 2015). Salamat et al. (2017) reported that the -OH originated from the free water molecules 
and the adsorbed water on the bead surfaces. The absorption bands at 2920 and 2930 cm- i , 
shown in Figures 4.3b and 4.3d are associated with the -C-H stretching vibrations (Ebenezar et 
al., 2014). Meanwhile, the absorption bands at 1630, 1590, 1570, and 1420 cm- i in Figures 4.3a 
to 4.3d correspond to the stretching vibrations of C=O. However, the absorption bands at 1081­
1027 cm- i can be associated with the -C-O- stretching band. These absorption bands were the 
results of the cation exchange between Ca2+ and NaAlg, and the stabilizer group of citrate 
(Mahdavi et al., 2013; Salamat et al., 2017). When comparing Figure 4.3a to Figure 4.3d, it is 
observed that the absorption band at 400 to 700 cm- i is absent in Figure 4.3a. The absorption 
bands at 550 and 430 cm- i in Figure 4.3c and 560 cm- i in Figure 4.3d signify the presence of­
FtrO- stretching vibrations (Gopalakannan & Viswanathan, 2016; Salamat et al., 2017). 
'Meanwhile, the absorption bands at 490 cm- i in Figure 4.3b and 470 cm- i in Figure 4.3d 
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correspond to -Ti-O-, which confinn the presence of the anatase fonn of Ti02 (Gopalakannan 
& Viswanathan, 2016). However, the absorption band corresponds to -Ti-O- is not well 


























Figure 4.3: FTIR spectra of blank and composite beads (a) Alg-5%, b) Ti02/Alg, (c) 
MNPs/Alg, and (d) AIg/Ti02/Fe-2 
Further analysis was done using SEM to compare the surface morphologies of the 
optimized beads and blank beads (Figure 4.4). The surface of the Alg beads appeared to be 
smoother compared to the other beads (Figure 4.4a). Meanwhile, the AIg/Ti02/Fe-2 exhibited 
rougher surfaces, which made it easier for more pollutants (MB and MHM) to be adsorbed onto 
its surface (Figure 4.4d). White particles (marked in circles) on the AIg/Ti02/Fe-2 surface were 
identified as Ti02 particles. This finding shows that Ti02 particles were well dispersed on the 
Alg/Ti02/Fe-2 surface compared to those found on the Ti02/Alg surface (Figure 4.4b). Several 
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lumps are observed in Figures 4.4c and 4.4d plausibly due to the presence of MNPs as it was 
not observable in Figures 4.4a and 4.4b. Besides, based on the distinctive dark colour of the 
MNPs in Figures 4.4c and 4.4d, it can be seen that AIglTi02/Fe-2 had acted as a core, while 
ri02 white particles appeared only to adhere to the surface of A IglTi02/Fe-2. The mean pore 
sizes measured from the SEM images for Ti02/Alg, MNPs/Alg, and AIglTi02/Fe-2 beads were 
0.22 ± 0.08 11m, 0.22 ± O.OS 11m, and 0.28 ± 0.11 11m, respectively. The differences between the 
mean pore sizes for each bead are marginal. Only a small number of pores were observed from 




Figure 4.4: SEM images of blank and composite beads (a) Alg-S%. (b) Ti02/Alg, (c) 
MNPs/Alg, and (d) AIglTi02/Fe-2 (SOOOx magnification) 
These observations are well supported by the EDX spectrum of the beads, as shown in 
Figure 4.S. Table 4.2 summarizes the elemental analysis of the beads which comprised of 
elements C, 0, Na, CI, Ca, Ti, and Fe. The elemental analysis for AIglTi02/Fe-2 demonstrates 
71 
that the element with the highest weight percentage in these beads was Ca, followed by 0, Fe, 
Ti, and C. The EDX data show a weight percentage of 6.3% ofTi on the AIglTi02/Fe-2, which 
was higher than that on the blank Ti02/Alg beads. In addition, Ca content was the highest in 
AlgITi<h/Fe-2 sample, suggesting that AIglTi02/Fe-2 is the most stable bead compared to 
TiOVAlg and MNPs/Alg. Rocher et al. (2008) reported that Ca could be bound to either the 
-carboxylate groups of citrate ions adsorbed on the MNPs, or to the carboxylate groups on the 
Alg molecules during the gelation process. 
Table 4.1: Elemental compositions of the synthesized beads 
Type of beads Weight % of element 
C o Na CI Ca Ti Fe 
AJg-5% 28.59 41.76 1.17 0.78 27.71 ND ND 
Ti<hIAlg 19.20 46.63 0.01 1.97 27.54 4.66 NO 
MNPslAlg 15.54 17.88 ND 0.32 21.64 ND 44.62 
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Figure 4.5: EDX data of a) Alg-5%, b) Ti02/Alg, c) MNPs/Alg, and d) Alg/Ti02/Fe-2 
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The SEM images of AIg/Ti02/Fe-2, before and after MB molecules and MHM ions 
adsorption were also compared (Figure 4.6). The image of the MB-adsorbed AIg/Ti02/Fe-2 
appeared to be rougher (Figure 4.6a) compared to the image before MB adsorption (Figure 
4.6b). On the other hand, MHM-adsorbed Alg/Ti02IFe-2 surface (Figure 4.6c) appeared to be 
smoother compared to the image prior to the MHM adsorption (Figure 4.6a). For both 
AlgfTi02lFe-2 images after MB and MHM adsorption, fewer Ti02 nanoparticles were 
observed, which was likely due to the loss ofTi02 nanoparticles from the surface as a result of 
the stirring effect during photocatalytic treatment. 
figure 4.6: SEM images of AIglTi02IFe-2: (a) before adsorption, (b) after adsorption ofMB 
and (c) after adsorption ofMHM (5000 x magnification) 
The pHpzc is defined as the pH at which the adsorbent surface takes a zero value. Thus, 
it means that the positive charge site is equal to that of the negative ones (Fiol & Villaescusa, 
2009). The pHpzc of the AIglTi02/Fe-2 was 6.50 (Figure 4.7). This value provides the 
information about the probability of the attraction and repulsion between the adsorbent and 
pollutants in aqueous solution (Andronic et at., 2016). Furthermore, since Ti02 particles were 
present on the Alg/Ti02/Fe-2 surface and exhibited amphoteric property, their surface is 
charged in a solution pH above their pHpzc value and vice versa (da Silva, 2008). 
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pH lower than pHpzc, 
to Photocatalytic Removal of MB 
_ 
This is in agreement with Lo et al. (2012) who described that a solution pH above pHpzc causes 
the adsorbent surface to be negatively charged and might interact with positive species while at 
the adsorbent surface is positively charged and could interact with 
negative species. Since MB and MHM are positively charged molecules, the adsorption is 
expected to be more favored at pH solution above the pHpzc• Indeed, the presence of a high 
IUlDber of OH- groups on the AIg/Ti02IFe-2 surface could enhance the adsorption of MB 
















o 	 2 4 6 8 10 12 14 16 
pH initial 
Figure 4.7: Point of zero charge of AIg/Ti02/Fe-2 
Effect of Synthesis Conditions and Adsorbent dosage on the Removal of MB 
Figure 4.8 illustrates the effect of varying adsorbent dosage of AIg/Ti02/FeNPs beads 
0.1 	to 0.6 g synthesized under different conditions (Table 3.1) on the removal of MB. In 
AIglTi02IFeNPs demonstrated the ability to remove about 60.0-80.0% of MB in dark 
,1,h,," predominantly by adsorption process (Figure 4.8). Alg bead that is known as a good 
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adsorbent could have facilitated the MB molecules adsorbed on Aig/Ti02IFeNPs surface. This 
finding corroborates with those reported by Zainal et al. (2016). The immobilized MNPs in Alg 
beads demonstrated a great adsorption efficiency ofPb(II) ions. Upon uve irradiation for 2 h, 
although MB removal revealed an increasing trend for all four AIg/Ti02/FeNPs at different 
dosages, only a small increment ranging from 1.0% to 15.0% was observed (Figure 4.8). 
Despite the marginal increase in the removal efficiency upon uve irradiation, decolourisation 
ofMB solution was observed in all cases. 
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Figure 4.8: Effect of adsorbent dosage of different AIg/Ti02IFeNPs samples on the removal 
ofMB. a AIg/Ti02/Fe-l. b AIg/Ti02IFe-2. c AIg/Ti02IFe-3. d AIg/Ti02/Fe-4 (MB 
initial concentration: 5 ppm) 
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This phenomenon was however, not observed in the dark condition. After dark 
equilibrium period that has resulted in the adsorption ofMB molecules on AIglTi02IFeNPs, the 
eOH radicals formed during Ti02 activation by uve irradiation could have aided the oxidation 
ofMB molecules and also decolourization ofMB solution (Ramli et ai., 2014). 
AIg/Ti02IFe-l, AIglTi02IFe-2, AIglTi02/Fe-3, and AIglTi02/Fe-4 achieved the 
equilibrium state or plateau at different adsorbent dosages (Figures 4.8a to 4.8d). The results 
suggest that removal of MB was not greatly enhanced by the increasing dosage of 
AlgfTi02lFeNPs beads and in fact a small amount ofAIglTi02/FeNPs beads would be sufficient 
for MB removal. Therefore, MB removal can be hypothesized to be predominantly favoured 
by adsorption process and to some extent by the photocatalytic activity demonstrated by 
AIgfTi02IFeNPs beads. Inclusion of magnetic property helped to retrieve the AIglTi02IFeNPs 
beads after treatment. 
To carefully select the best candidate material for optimization study using RSM, the 
detailed trend of AIglTi02/FeNPs dosages on the MB removal was further scrutinized. A 
maximum MB removal of 97.6% was achieved using 0.2 g of AIglTi02IFe-2 after 120 min of 
uve irradiation (Figure 4.8b). A further increase to 0.6 g of AIg/Ti02/Fe-2 displayed no 
significant increase in MB removal (Figure 4.8b). Although more adsorption sites are available 
at higher adsorbent dosage, they may not be fuUy utilized for the adsorption of MB dyes 
(Qiusheng et ai., 2015). AIglTi02IFe-2 was synthesized using 2 M ofNaOH ofMNPs and 5.0% 
(w/v) of Alg. The preparation ofMNPs using lower concentration of NaOH exhibited a large 
surface area and strong magnetic property, thus providing more sites for the immobilization 
withAlgand Ti02 (Tajabadi & Khosroshahi, 2012). 
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Higher concentration of NaOH may induce the formation of non-magnetite layer and 
weaker magnetic properties. Therefore, it can be assumed that lower NaOH concentration 
improved the immobilization of MNPs with Alg and Ti02. Furthermore, an improved 
mechanical strength of Alg/Ti02IFe-2 after the treatment with UVC irradiation was observed 
when using 5.0% (w/v) of Alg as the beads maintained their shape even after 120 min of 
photocatalytic treatment (Figure 4.9). This could be due to the increasing intermolecular cross­
linking of G-blocks with the CaCh to form the hydrogel (Lee & Mooney, 2012). Higher 
concentration of Alg could have enhanced the dispersion ofTi02 concentration by reducing the 
Ti02 fragment size (Loosli et at., 20 IS). Based on the abovementioned points, 0.2 g of 
AlglTi02lFe-2 was chosen as the fixed variable, with three independent variables (pH, contact 
time, and initial concentration) to investigate the optimized conditions for MB removal using 
RSM design. 
(a) (b) 
Figure 4.9: AIg/Ti02/Fe-2 beads (a) before adsorption and (b) after adsorption ofMB 
43 Model Fitting and Statistical Analysis of BBD for MB Removal 
Table 4.2 shows the experimental design matrix of BBD with a total number of 16 
experiments and the responses for the MB removal. MB removal varied from 15.1 % to 92.8%. 
Based on the experimental results, the data was found to fit the second order polynomial 
77 





















equation. The equation was generated in tenns of the coded values and expressed as shown in 
- 0.46A + 1.15B - 34.00C- 3.77AB - 1.97 AC - 3.62BC + 3.51 A2 + 4.59 B2 + 
(4.1) 
where, Y is the MB removal (percentage), and A, B, and C are the coded values for the contact 
time, pH, and initial MB concentration, respectively. 
Table 4.2: Results for the Design Matrix of RSM study 
Variables MB removal (%) 
A B C 
30 3 15 19.2 
120 3 15 25.9 
30 10 15 28.9 
120 10 15 20.6 
30 6.5 5 85.4 
120 6.5 5 88 .3 
30 6.5 25 21.4 
120 6.5 25 16.4 
75 10 5 92.8 
75 3 25 22.3 
75 10 25 17.5 
75 6.5 15 16.1 
75 6.5 15 15.1 
75 6.5 15 15.4 
75 6.5 15 15.7 
75 6.5 15 15.4 
Figure 4.9 illustrates the accuracy of the model by comparing the experimental results 
~uaIDst the predicted responses of the model for the MB removal. From the ANOV A (Table 
of 0.9999 shows that the experimental results fitted the polynomial model 
.am.rI11<.t,>h • Thus, it is believed that the model was able to give a good estimate of response in 
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the studied range due to the high R2 value (Khosravi & Arabi, 2016). Table 4.3 shows the 
ANOVA results for the response surface quadratic model for MB removal. The F-value of 
13067.60, as shown in Table 4.3 implies that the regression model is statistically significant. 
There were only 0.01 % chances that a "Model F-Value" could occur due to noise. The value of 
-Prob > P' ofless than 0.0500 indicates that the model is significant and, in this case, A, B, e , 
AB, AC, Be, A2, B2, and e 2 are the significant model terms. 
Actual 
Jlaure 4.10: The scatter plot of predicted values versus actual values for the Box-Behnken 
design matrix 
If the F-value is greater than 0.1, this would indicate that the model terms were 
insignificant. The "Lack ofFit F-value" of 0.31 implies that the "Lack ofFit" is not significant, 
relative to the pure error. Thus, the model can be concluded to be valid due to the insignificance 
of the "Lack of Fit F-value". There is a 75.3% chance that a "Lack of Fit F-value" could occur 
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13067.60 < 0.0001 
16.62 0.0065 
68.96 0.0002 
60101.71 < 0.0001 
553.02 < 0.0001 
150.88 < 0.0001 
254.80 < 0.0001 
401.16 < 0.0001 
682.93 < 0.0001 
37135.20 < 0.0001 
0.31 0.7528 
4.4 Response Surface Analysis of MB 
The three-dimensional (3D) response surface plots are used to represent the regression 
equation and achieved better understanding of the combined effects between variables within 
the range considered (Vaez et al., 2012). Figures 4.10a to 4.10c show the combined effect 
between the three independent variables on the response, which are visualised in the 3D 
response surface plots. 
4.4.1 Effect of Initial Concentration and Contact Time 
Figure 4.11a depicts the 3D surface of the combined effect of the contact time ranged 
from 30 to 120 min and initial MB concentrations from 5 to 25 ppm under uve irradiation, 
with pH 10.00 as the constant variable. A maximum MB removal of 99.0% was found at 30 
min and 5 ppm of MB. MB removal is greatly dependent on the initial concentration of MB. A 
decrease of about one order of magnitude was observed for the MB removal percentage from 
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98.0% to 8.0% at the initial 30 min interval, as the initial concentration of MB solution 
increased from 5 to 25 ppm. At higher MB concentrations, more MB molecules covered and 
consequently shielded the active sites of AIg/Ti02IFe-2 surface and hindered the absorption of 
uve, which led to the decrease of ·OH radical generation (Yao & Wang, 2010). Thus, this 
resulted in the 2.5-time decrease of the initial removal percentage. Moreover, repulsive forces 
between MB molecules due to the excessive numbers of molecules of MB on AIg/Ti02/Fe-2 









C: Inrtial Concentration 
Figure 4.11: A 3D response surface plot that combines the effects of (a) initial concentration 
and contact time (b) contact time and pH and (c) pH and initial concentration 
Meanwhile, more active sites were available at low concentration and thus a significant 
E ount of MB molecules can be adsorbed, resulting in higher MB removal (Albroomi et at., 
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2015). Similar trends were observed for the adsorption of MB molecules by nano zerovalent 
iron (NZVI) (Khosravi & Arabi, 2016) and magnetic reusable nanocomposites (Harifi & 
Montazer, 2014). 
As the contact time increased, the MB removal decreased and achieved a plateau at 75 
min for each concentration. This behaviour can also be explained by the unoccupied active sites 
at low contact times compared to that of high contact times. When the treatment was performed 
at high contact times, the number of MB molecules adsorbed on the active sites of Alg/Ti02/Fe­
2 increased, hence covering the active sites from absorbing uve irradiation which eventually 
decreased the photocatalytic activity and MB removal. Thus, it can be concluded that initial 
concentration of the solution is more crucial compared to contact time in this study. 
4.4.2 Effect of Contact Time and pH 
Figure 4.11 b illustrates the 3D surface of the combined effect of contact time (30 to 120 
min) and pH (3.00 to 10.00) under uve irradiation for the MB removal, in which the MB initial 
concentration was fixed at 5 ppm. A maximum MB removal of 98.0% was found at 30 min 
contact time and pH 10.00. However, the MB removal demonstrated a decreasing trend as the 
contact time increased from 75 min to 120 min above pH 8.25. At 75 min, the MB removal 
achieved a plateau signifying attainment of adsorption equilibrium. The significant MB 
removal at the initial 30 min could be induced by the increased availability of the number of 
active sites on the surface of Alg/Ti02IFe-2, while at continuous occupancy of these sites; the 
removal efficiency becomes less efficient (Bakr et al., 2015). Postai et al. (2016) reported that 
the repulsive forces between the molecules on the adsorbent resulted in low adsorption and 
decrease the MB removal. In contrast, at lower pH values (3.00-8.25), the MB removal was 
observed to increase as the contact time increased from 30 to 120 min. This might be due to the 
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interaction between the MB solution and the AIg/Ti02IFe-2 at higher contact times. Continuous 
stirring could have caused more MB molecules to be exposed to AIg/Ti02IFe-2 active sites and 
thus, gradually increase the MB removal (Hasbullah et al., 2014). 
Figure 4.11 b also reveals that MB removal increased from pH 3.00 to 10.00. As the 
AlglTi0211Fe-2 pHpzc was at 6.50, the AIg/Ti02/FeNPs-2 surface can be assumed to be 
negatively charged when the solution pH was above the pHpzc value and thus more MB 
molecules could be adsorbed to their surface (Andronic et aI., 2016). The lowest MB removal 
of81.0% was found at pH 3.00 and 30 min. At lower pH, MB removal was observed to increase 
with the increasing contact time. This could be attributed to the availability of more active sites 
at lower pH compared to that of at higher pH. MB is a cationic dye with a positive charge. 
Therefore, the adsorption of MB is likely to be more favoured at basic condition (high pH) 
(Umoren et al., 2013). At low pH, high number of protons (H+) in MB solution led to the 
competition between the MB molecules and the protons for the available active sites on 
AlglTi02lFe-2 surface (Majidnia et al., 2015). At high pH (;::6.50), as the number of hydroxyl 
ions (OH-) increases in the solution, the number of negatively charged sites of AIg/Ti02IFe-2 
also increases (Albroomi et aI., 2015). The observed trends signify the influence ofTi02 surface 
on AIglTi02IFe-2, which exhibits an amphoteric characteristic. Effect of pH can be rather 
complex as a result of changes to Ti02 on the AIg/Ti02/Fe-2 surface and MB substrate. As the 
pH of the aqueous solution changes at high pH, the surface charge of Ti02 also changes 
accordingly (Reza et al., 2017), therefore pH changes will affect the electrostatic interactions 
between Ti02 surface and MB ionic forms. 
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4.4.3 Effect of pH and Initial Concentration 
The 3D surface plot describing the interaction between the solution pH (3.00 to 10.00) 
and initial MB concentration (5 to 25 ppm) when the contact time was kept constant at 120 min 
is shown in Figure 4.11c. A maximum MB removal of93.0% was observed at 5 ppm of initial 
MB concentration and pH 10.00. The MB removal continued to decline as the MB 
concentration increased from 5 ppm to 25 ppm, but the removal was observed to rise with 
increasing pH from 3.00 to 10.00 (Figure 4.10c). As the MB initial concentration increased, the 
of degradation products in high concentrations in various pathways during 
photocatalytic treatment ofMB could have caused MB molecules and the degradation products 
to compete with each other for ·OH radicals present on the surface of AlglTi02lFe-2 (Xu et ai., 
2014), resulting in lower MB removal at higher MB concentration. Furthermore, it can be also 
assumed that at higher concentration of MB, the generation of the ·OH radicals on the surface 
ofAlglTi02lFe-2 could be reduced due to the saturation ofactive sites by MB molecules (Tayeb 
& Hussein, 2015). Moreover, MB dye is a photosensitizer itself, thus its MB molecules could 
absorb the UVC irradiation significantly compared to the Ti02 particles on AlglTi02/Fe-2 
surface. As a consequence, the photocatalytic efficiency of AlglTi02/Fe-2 reduces to a lesser 
number of ·OH and 02'- radicals (Konstantinou & Albanis, 2004). 
The effect of pH on MB removal has been previously discussed. Changes in pH exert a 
large influence in the generation of OR" ions in MB solution as well as the singlet oxygen and 
mdicals formation. At a pH value of more than pHpzc (6.50), the MB removal greatly increases 
due to an increase in OH- ions on the AlglTi02/Fe-2 surface and also the formation of singlet 
oxygen and radicals (Chen et ai., 2011). Conclusively, both initial concentration and pH govern 
removal of MB. 
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4.4.4 Numerical Optimization 
Primarily, the RSM study was conducted to determine the optimum operating 
parameters for maximizing the adsorption ofMB on AlglTi02IFe-2. The optimization process 
was done by selecting the desired target for each of the variable and response. For the 
independent variables such as contact time, pH and the initial concentration, "in range" option 
was selected while a "target" was chosen for the MB removal as our aim was to obtain the 
maximum MB removal of the treatment. From the analysis, the maximum adsorption capacity, 
as predicted by the model, was at 5 ppm ofMB solution, pH 10.00, and 120 min. The predicted 
value was calculated by the Design Expert software by using the second order polynomial as 
shown in Eq. 4.1. These conditions have yielded a better MB removal percentage of 97.2% and 
this result is in good agreement with the experimental value of 94.0%. 
Table 4.4: Optimized conditions given by RSM for MB removal using AlglTi02/Fe-2 beads 
Initial Contact pH MB Removal (%) 
concentration time (min) Actual Predicted 
(ppm) 
s 120 10.00 97.2 94.0 
4.5 Comparison of Efficiency and Recycling Study for MB Removal 
The MB removal was also studied using the blank beads and the slurry form of Ti02 
under uve at optimized condition as suggested by the RSM study (Figure 4.12). The results 
indicate that the MB removal was the highest when using the slurry form of Ti02, followed by 
e-2 under sunlight, AlglTi02lFe-2 under uve, MNPs/Alg, Ti02/Alg, Alg-5%, MB 
under uve and AlglTi02lFe-2 in the dark. In the absence ofTi02, MB was photodegraded 
64.9%. As MB is a sensitizer, it can generate singlet oxygen with the presence of UV light 
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and molecular oxygen (02) which might contribute to the degradation ofMB alone under uve 
light (Nour-Mohhamadi et at., 2005). 
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o MB alone Alg·5% TiO,lAlg 
slurry Fe·2 under Fe·2 in Fe·2 under 
sunlight the dark UVC 
Figure 4.12: Performance comparison between AIg/Ti021 Fe-2 under uve, sunlight and dark 
condition with Ti02 slurry, MB only, Alg-5% beads, Ti02/Alg beads, MNPs/Alg 
beads in removing MB (initial concentration of MB: 5 ppm; dark equilibration 
time: 30 min; uve irradiation time: 2 h; sunlight exposure: 2 h, adsorbent: 0.002 
g/mL) 
Only partial decolourisation had occurred after the treatment ofMB using AIg/Ti02/Fe­
2under uve light, which is in contrast to the complete decolourization of MB when using 
Ti<h in the powder form (Figure 4.13). Differences in terms of the solution colour were likely 
due to the different degradation products that were formed during the course of the treatment, 
owing to the non-selective nature of the ·OH radicals. Since the identification of the arising 
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degradation products is not an objective of this present study, this aspect could be the focus in 
future studies. Furthermore, the degradation rates would also be likely to differ due to the 
differences in the physical and chemical characteristics of the photocatalyst materials used. 
Figure 4.13: MB solution (a) after treatment using AlglTi02lFe-2 (b) before treatment 
and (c) after treatment using Ti02 slurry 
As expected, a complete removal of MB was obtained using the slurry form of Ti02, 
which signifies its photocatalytic efficiency under UVc. Nonetheless, the Ti02 photocatalysts 
could not be completely separated from the MB solution after the treatment. 
On the contrary, the AIglTi02/Fe-2 can be easily retrieved using a permanent magnet 
after the treatment, which would make this nanocomposite material more practical in 
wastewater remediation (Figure 4.14). In the case of MNPslAlg, the adsorption capability of 
the MNPs coupled with Alg had contributed to the 70.7% of MB removal, despite the absence 
of Ti02. Both Alg and MNPs are known as good adsorbents. High surface areas and limited 
internal diffusion resistance had contributed to the adsorption of MNPs (Alqadami et at., 2016). 
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When comparing between the Alg-5% and Ti021Alg beads, the higher removal percentage of 
demonstrated by AIg/Ti02IFe-2 can be ascribed to the synergistic effect of the 
incorporation ofMNPs and Ti02 with the Alg. The dark control experiment revealed that about 
38.0% ofMB molecules were adsorbed onto AIglTi021Fe-2 (Figure 4.12). 
Figure 4.14: Magnetic susceptibility of AIg/Ti02/Fe-2 under external magnetic field 
In the case of MNPsIAlg, the adsorption capability of the MNPs coupled with Alg had 
contributed to the 70.7% of MB removal, despite the absence of Ti02. Both Alg and MNPs are 
known as good adsorbents. High surface areas and limited internal diffusion resistance had 
contributed to the adsorption ofMNPs (Alqadami et al., 2016). When comparing between the 
Alg-5% and Ti021Alg beads, the higher removal percentage of MB demonstrated by 
AlgfTi02lFe-2 can be ascribed to the synergistic effect of the incorporation of MNPs and Ti02 
with the Alg. The dark control experiment revealed that about 38.0% of MB molecules were 
adsorbed onto AIg/Ti02/Fe-2 (Figure 4.12). 
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After 120 min of treating MB in dark condition, the poor performance of AlglTi02/Fe­
2was observed. This could be contributed from the desorption of MB molecules back to the 
solution as Ti02 can only be activated in the presence of UV irradiation thus resulting in low 
MB removal (Xu et ai., 2014). In this context, both photocatalysis and adsorption work 
simultaneously to remediate MB-loaded aqueous solution. The MB removal using 
AlglTi02lFe-2 beads upon direct sunlight irradiation was comparable to the UV light, which 
was at 99.8%. This result suggested that AlglTi02lFe-2 beads could be used either under UV 
or under the sunlight. However, solar radiation is controlled by geographic latitude, time of the 
day, cloud cover, and also atmospheric conditions (Kanakaraju et ai., 2016) contrary to constant 
intensity from UV light which might only vary due to its life-time. This result also provides an 
indication of the potential of using AlglTi02/Fe-2 beads for MB removal under direct sunlight. 
Figure 4.15 shows the recyclability of AlglTi02/Fe-2 after being recovered and reused 
for MB removal study. 
Fint 	 Second Third 
Cycles 




The minor reduction in terms of the removal percentage of approximately 6.0% implied 
that the stability of the nanocomposites had remained consistent up to three cycles. The minor 
in the recyclability performance of AlglTi02/Fe-2 after the first cycle could be 
attributed to the loss of MNPs and Ti02 during washing and recollection (Harifi & Montazer, 
•. 6 Elucidating Methylene Blue Removal by Alg/Ti02/Fe-2 Beads 
Several physical, chemical and photochemical processes can be responsible for MB 
from the aqueous solution under uve irradiation in the presence of active 
photocatalysts (Konstantinou & Albanis, 2004). Some of these processes have been studied 
singularly or as a combination of photolysis and photocatalytic degradation (Tschirch et al., 
2008). Therefore, given the hybrid nature of the AlglTi02/Fe-2 (Figure. 4.16), it is useful to 
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Figure 4.16: A representation ofMB removal by AlglTi02/Fe-2 
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MB 
Under the studied conditions, physical removal ofMB can easily be interpreted in terms 
of adsorption by the AIglTi02/Pe-2 beads, either via inclusion in their alginate layer (Eq. 4.2) 
or by ion-dipole interactions with the terminal hydroxy groups (Ti-OH) oftitania particles (Eq. 
4.3). 
MB(aq) ~ MB@AIg/Ti02/Fe - 2(AIg) (4.2) 
MB(aq) ~ MB@AIg/Ti02/Fe - 2(Ti02) (4.3) 
The former has been postulated as the dominant process in the removal of MB based on 
the dark experiments performed. An effective adsorption by alginate occurred due to the 
carboxylate and hydroxyl functional groups of the anionic polysaccharide layer. These 
functional groups are responsible for capturing MB from aqueous solution via electrostatic 
attraction (Liu et af., 2016). Additionally, the adsorption on titania will be also affected by 
medium pH. Indeed, basic conditions, with pH above Ti02 point of zero charge, will produce a 
negatively charged surface oftitania particles on the Alg/Ti02/Pe-2 beads thus favouring ionic 
interactions with the MB cation. 
The overal1 decomposition of MB can be ascribed to either direct photolysis (Tschirch 
et af., 2008) or to reaction with photogenerated reactive species. The latter can be formed 
involving either MB or Ti02 as light absorbers. Light absorption by MB will cause SO---,S2 
excitation followed by S2---,SI ultrafast radiation less decay (Eq. 4.4). Photophysical processes 
originating from SI singlet 1MB· include physical quenching by interaction with the alginate 
layer (Eq. 4.5) and intersystem crossing generating the T I triplet excited state of MB (Eq. 4.6) 
(4.4) 
----+) Alg + MB (4.5) 
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l[MB]* _ _ i_.s"_c"_~) 3[MB]* (4.6) 
Considering the high energy ofthe incident 254 nm radiation, which is larger than titania 
band gap energy (3.2 eV), the light absorption by Ti02 produces charge separation where 
conduction band electrons (e-) and valence band positive holes (h+) will be generated 
simultaneously (Eq. 4.7) (Zuo et al., 2014). 
hv (254 nm) + 
Ti02 ) Ti02 (e- CB + h VB) (4.7) 
In secondary photophysical processes triplet 3MB* could transfer its energy to 
molecular oxygen thus generating singlet oxygen 102 (Eq. 4.8), while titania hole (h+vB) and 
electron (e-cB) can either recombine unproductively (Eq. 4.9) or react with either water, 
hydroxide anion or molecular oxygen to produce the hydroxide radical (Eqs. 4.10 and 4.11) or 
the superperoxide radical anion (Eq. 4.12), respectively. 
302 + 3[MB]* ) 102 + MB (4.8) 
Ti02(e- CB + h+ VB) ) Ti02 (4.9) 
Ti02(h+ VB ) + H2O ) Ti02 + H+ +. OH (4.1 0) 
Ti02(h+ VB) + OH- ) Ti02 +. OH (4.11 ) 
) Ti02 + O2 "- (4.12) 
Any of the above produced reactive oxygen species (ROS) could then attack an organic 
substrate. Indeed, processes involving Alg as light adsorber or photocatalytically degradable 






However, the integrity of the Alg/Ti02/Fe-2 after repeated cycles demonstrated the 
stability of Alg/Ti02lFe-2 under the studied conditions. The MB oxidation by reaction with 
titania photogenerated holes h+ was excluded since MB is cationic. Therefore, considering that 
MB alone under uve demonstrated 64.9% removal, the overall MB degradation can be 
ascribed to either 'MB* direct reactivity or to MB reaction with any of the generated ROS: 
singlet oxygen, hydroxyl radical, or superoxide radical anion. While from a mechanistic point 
of view these processes are competing between each other, they will all contribute to MB partial 
degradation from an initially formed sulphoxide (Houas et ai., 2001) or complete mineralization 
into carbon dioxide, water, nitrate or ammonium and sulphates ions (Tschirch et ai., 2008) 
Since all the formed reactive species are short lived in solution (Schmitt et ai., 2014; 
Attri et ai., 2015), the use of multifunctional Alg/Ti02/Fe-2 beads has the advantage ofplacing 
the substrate at very close distance with the sites where such species are formed allowing for a 
sort ofcatch-and-degrade photocatalysis. In this context, reaction conditions should be chosen 
to maximize the synergy between adsorption and photocatalytic degradation. For instance, 
irradiation under basic conditions, will enhance both the adsorption (see above) and the 
generation of ·OH radicals (Sugimoto & Zhou, 2002; Konstantinou & Albanis, 2004). 
Additionally, using uve irradiation reduces the electron-hole recombination (Joseph et ai., 
2016), thus enhancing the photocatalytic removal of MB. Overall, among the above described 
processes, MB dependent mechanisms will be particularly contributing during the initial phase 
of the irradiation (when the MB concentration is higher) and will become less important with 
increasing MB removal. 
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4.7 Photocatalytic Removal of MHM 
4.7.1 Effect of Adsorbent Dosage on MHM Removal 
The efficiency of AlglTi02lFe-2 beads was further investigated for the removal of 
MHM (Pb(II), Cu(lI) and Cr(lI) ions) in aqueous solutions under UVC irradiation (Figure 4.17). 
The concentration ofMHM solution was fixed at 20 ppm while the adsorbent dosage was varied 
from 0.1 to 1.0 g. It is clear that the removal percentages of all the metal ions increased with 
the increasing adsorbent dosage from 0.1 to 0.6 g under UVC irradiation (Figure 4.17). Pb(lI) 
ions was removed in the highest percentage of 89.9% followed by Cu(II), 55.8% and Cr(IlI) 
ions, 53.4% at an adsorbent dosage of 0.6 g. At higher adsorbent dosage, more active sites were 
available on the AlglTi02lFe-2 surface for adsorption to take place, thus resulting in higher 
MHM removal (Kalantari et al., 2014). 
Nevertheless, as the adsorbent dosage was increased further to 1.0 g, the removal 
percentages of Cr(IlI) ions and Cu(lI) ions declined to 31.6% and 40.2%, respectively in 
contrast to Pb(lI) ions removal which constantly increased over time. This could be linked to 
thelimited number of available active sites as a result of the saturation of the adsorbent surface 
with the metal ions (Bakr et al., 2015) and also the dependence upon the different degree of 
bydration of the metal ion precursors (Pb(N03)z, (Cu(S04)z.5H20 and (Cr(N03)3.9H20 
(Holmberg, 2006). Among the metal ion precursors, (Pb(N03)z exhibits the lowest degree of 
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figure 4.17: Effect of AIglTi02IFe-2 dosages on the MHM removal under UYC (MHM initial 
concentration: 20 ppm) 
Generally, lower degree of hydration of the metal ions precursor lead to low hydration 
energy which would cause the metal ions to be easily shed from their hydration shell and results 
in the stronger electronic attraction (Wang et al., 2016). Thus, the increasing percentage 
removal ofPb(II) ions could have been contributed by the strong electronic attraction between 
ions and the active sites of AIglTi02IFe-2 beads. 
Based on the findings, 0.6 g ofAIglTi02/Fe-2 was concluded as the optimized adsorbent 
because further increase to 1.0 g lowered the removal of both Cr(III) and Cu(II) ions. 
investigation was carried out to study the photocatalytic efficiency of AIglTi02/Fe-2 
by employing BBD, one of the methods of RSM for MHM removal optimization. The 
of three independent variables namely pH, initial concentration and contact time was 
IDve:stl~~at{~d on the MHM removal percentage, the response. 
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4.8 Model Fitting and Statistical Analysis of BBD for MHM Removal 
Table 4.5 shows a total number of 17 sets of the experimental design matrix and the 
responses based on experiments proposed by BBD for MHM removal. MHM removal from 
aqueous solution varied from 77.6% to 99.9%. The experimental data was analyzed and fitted 
to the second order polynomial equations. The equations for all the metal ions were generated 
in tenns of the coded values and expressed as shown in Eqs. 4.14-4.16: 
Pb(II) ions removal = 99.70 + O.72A + 1.93B + 1.07C - 0.068AB - 0.36AC -1.73BC - 0.91A2­
2.08B2 - 0.62C2 (4.14) 
CI(III) ions removal = 93.67 + 1.04A + 8.08B + 6.01C + 2.32AB + 1.08AC - 4.53BC - 3.86A2 
- 1.44B2 - 5.04C2 (4.15) 
Cu(II) ions removal = 96.38 - 0.62A + 6.33B + 2.54C + 2.68AB + 4.94AC - 1.16BC - 5.21A2 
(4.16) 
where, A, B, and C are the coded values for the initial MHM concentration, pH, and contact 
able 4.5: Results for the Design Matrix of RSM study 
Variables MHM removal (%) 
Run A B C Pb(lJ) ions Cr(III) ions Cu(II) ions 
1 40 4.00 30 92.3 68.6 78.5 
2 40 4.00 120 97.8 89.7 85.8 
3 60 4.00 75 95.6 79.0 79.2 
4 40 5.50 75 99.8 93.8 96.6 
5 60 5.50 120 99.6 92.9 92.6 
6 40 5.50 75 99.9 93.8 96.3 
7 40 7.00 120 98.3 96.8 96.2 
8 40 5.50 75 99.7 93.6 96.4 
9 60 7.00 75 99.3 99.8 97.1 
10 60 5.50 30 98.2 78.8 77.6 
II 20 5.50 120 98.9 88.6 84.0 








The accuracy of the model by comparing the experimental results against the predicted 
iJeS1~onses of the model for MHM removal is presented in Figure 4.18. 
..~ 
J
J1gure 4.18: The scatter plot of predicted values versus actual values for the Box-Behnken 
design matrix: a) Pb(lI) ions, b) Cr(lll) ions, and c) Cu(lI) ions 
97 
Actual 









Predicted vs. Actual 
7.00 75 98.0 93.1 93.0 
5.50 30 96.0 78.8 88.7 
4.00 75 94.0 81.6 85.7 
7.00 30 99.6 93 .8 93.5 
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Tables 4.6 to 4.8 show the ANOVA analysis results of the response surface quadratic 
model for MHM removal. From the ANOVA results, the R2 of Pb(II) = 0.9993 (Table 4.6), 
Cr(III) = 1.0000 (Table 4.7), and Cu(U) = 0.9999 (Table 4.8) confirmed that the selected models 
fitted the data well. The fitted model would be better if the R2 approaches unity (Salehi et al., 
2016). Hence, the high values of the adjusted coefficient, R2adj of all the metal ions (~.9985) 
show that the models were highly significant. 
Table 4.6: ANOVA analysis of Pb(II) ions 
Sum of Mean F p-Vatue 
Source Squares Square Value 
Model 81 9 1180.03 < 0.0001 
A-Initial concentration 4.15 4.15 543.78 < 0.0001 
B-pH 29.93 29.93 3925 < 0.0001 
C-Contact time 9.17 9.17 1202.36 < 0.0001 
AB 0.018 0.018 2.39 0.1661 
AC 0.51 0.51 67.03 < 0.0001 
BC 12.02 12.02 1576.53 < 0.0001 
A2 3.45 3.45 452.55 < 0.0001 
B2 18.2 18.2 2386.53 < 0.0001 
C2 1.64 1.64 215.05 < 0.0001 
Residual 0.053 7.63E-03 
Lack of Fit 8.11E-03 2.70E-03 0.24 0.8656 
Pure Error 0.045 0.011 
Cor Total 81.05 
R-Squared 0.9993 
Adj R-Squared 0.9985 
From the ANOVA analyses the F-value ofPb(U), Cr(lll) and CU(I1) ions were 1180.03, 
35.66, and 8062.77, respectively. These values imply that the regression model was 
. 'cally significant. There were only 0.01 % chances that a "Model F-Value" could occur 
tonoise. The value of "Prob > P' ofless than 0.0500 indicates that the model was significant 
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and in this case, A, B, C, AB, AC, BC, A2, B2, and C2 for Pb(II), Cr(lll) and Cu(lI) ions were 
significant model terms. If the F-values were greater than 0.1000, this would indicate that the 
model terms were insignificant. The "Lack of Fit F-value" of Pb(II) = 0.24, Cr(lll) = 0.11, and 
Cu(ll) = 0.38 implies that the "Lack of Fit" was not significant, relative to the pure error. 
Overall, it shows that all the models for the MHM removal were valid due to the insignificance 
of the "Lack of Fit F-value". 

Table 4.7: ANOVA analysis of Cr(III) ions 

Sum of Mean F p-Value 
Source Squares Square Value 
Model 1122.53 124.73 25435.66 < 0.0001 
A-Initial 8.63 8.63 1760.35 < 0.0001 
concentration 
B-pH 522.13 522.13 1.07E+05 < 0.0001 
C-Contact time 288.72 288.72 58879.63 < 0.0001 
AB 21.62 21.62 4409.54 < 0.0001 
AC 4.64 4.64 947.07 < 0.0001 
BC 82.17 82.17 16758.04 < 0.0001 
A2 62.65 62.65 12777.2 < 0.0001 
B2 8.76 8.76 1786.72 < 0.0001 
C2 106.95 106.95 21811.47 < 0.0001 
Residual 0.034 4.90E-03 
Lack of Fit 2.53E-03 8.42E-04 0.11 0.9523 
Pure Error 0.032 7.95E-03 
Cor Iota] 1122.56 
R-Squared 1.0000 
Adj R-Squared 0.9999 
Table 4.8: ANOVA analysis of Cu(II) ions 
Sum of Mean F p-Value 
Source Squares Square Value 
Model 798.27 88.7 8062.77 < 0.0001 
A-Initial concentration 3.11 3.11 282.94 < 0.0001 
B-pH 320.17 320.17 29104.61 < 0.0001 
C-Contact time 51.51 51.51 4682.54 < 0.0001 
AB 28.73 28.73 2611.61 < 0.0001 
AC 97.52 97.52 8864.48 < 0.0001 
BC 5.36 5.36 487.17 < 0.0001 
A2 114.44 114.44 10403.38 < 0.0001 
B2 24.53 24.53 2229.51 < 0.0001 
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Table 4.8 continued 
C"2 125.8 125.8 11435.49 < 0.0001 
Residual 0.077 0.011 
Lack of Fit 0.017 5.7IE-03 0.38 0.7728 
Pure Error 0.06 0.015 
Cor Total 798.34 
R-Squared 0.9999 
Adj R-Squared 0.9998 
4.9 Response Surface Analysis of MHM 
Figures 4.19 to 4.21 show the combined effects between the three independent variables, 
contact time, pH and initial concentration on the removal of Pb(II), Cr(lll) and Cu(lI) via 3D 
response surface plots. 
4.9.1 Combined Effect between Contact Time and pH 
In a photocatalytic reaction, solution pH is considered as one of the most important 
parameters that affect the adsorption behaviour of an adsorbate, MHM solution, in this case. 
Furthermore, the surface charge of the AIg/Ti02/Fe-2 varies according to the MHM solution 
pH (Majidnia et at., 2015). Figure 4.19 shows the 3D surface plots of the combined effects 
between solution pH and contact time on the MHM removal at an initial MHM concentration 
of40 ppm. As illustrated in Figures 4.19a to 4.19c, the percentage removal of all metal ions in 
the solution mixture increased from 30 min to 75 min at the pH range of 4.00 to 6.25. 
Deprotonation phenomenon at increasing pH leads to an increase in the number of OH- groups 
on the active sites of AIgfTi02/Fe-2. Adsorption of the metal ions to the active sites of 
AIglTi02/Fe-2 beads will be enhanced as a result of the electrostatic attraction between the 



















Figure 4.19: 3D response surface plots that show the effects of contact time and pH on the 

removal of (a) Pb(II), (b) Cr(lll), and (c) Cu(lI) by AIglTi02/Fe-2 beads 

Photogenerated electrons on the Ti02 surface would eventually reduce Pb(II) ions and 
Cu(U) ions to their elemental form (Horvath et at., 2001). However, at pH 7.00 and at contact 
times from 30 to 75 min, percentage removal of metal ions reached a plateau state plausibly 
due to the availability of fewer active sites or due to unavailable active sites for metal ions 
adsorption to occur (Singanan, 2011). Moreover, as the contact time increased up to 120 min at 
pH 7.00, the percentage removal of MHM was noticed to decrease. As the pH of the medium 
is more than pHpzc ofTi02, the AlglTi02/Fe-2 surface was assumed to be negatively charged. 
This could induce a strong electronic attraction between the cationic metal ions and the 
active sites on the surface of the AlglTi02lFe-2 which led to the increase of the adsorption of 
all the metal ions. As consequences, the AlgITi02/Fe-2 beads became saturated and competition 
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between the metal ions (electrostatic repulsion) occurred that led to the desorption of the metal 
ions back to the aqueous solution (Antonopoulou et al., 2017). 
The maximum MHM removal percentages of Pb(lI) ions, Cr(lll) ions and Cu(lI) ions 
found at 75 min and at pH 5.50 were 99.9%, 93.8%, and 96.6%, respectively (Figures 4. 19a to 
4.l9c). Although a further increase of contact time (>75 min) at pH 7.00 managed to increase 
the MHM removal percentage for Cr(lll) ion to 96.8%, but it was merely driven by the 
precipitation phenomenon and not exclusively due to photocatalysis effect. Hence, a further 
increase in Cr(lll) ions percentage removal was postulated to be contributed by the formation 
of chromium precipitate (Cr(OH)3) via the hydrolysis of Cr(IlI) ions upon the rise of the 
solution pH (Eq. 4.17) (Liu et al., 2014). 
(4.17) 
As such, the increasing removal percentage of Cr(lll) ions resulted from the small 
amount ofCr(III) ions present in the solution mixture. Therefore, pH 7.00 can be considered as 
inappropriate for photocatalytic reaction due to the undesired precipitation phenomenon. Based 
on the observation, the potential of AlglTi02lFe-2 beads to remove metal ions from the aqueous 
solution was aided by three main processes namely adsorption, photocatalytic reduction and 
precipitation. Also, as evident in the above discussion, solution pH and contact time 
significantly affected the MHM removal. 
4.9.2 Combined Effect between Contact Time and MHM Initial Concentration 
The 3D response surface plots displaying the combined effect between MHM initial 
concentration and contact time on the MHM removal by AlglTi02lFe-2 beads under pre­
defined condition at pH 5.50 can be seen in Figure 4.20. The MHM removal increased with the 
contact time from 30 to 75 min and the initial concentration from 20 to 40 ppm before it started 
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to decline. The increasing trend ofMHM removal percentages at low contact time «75 min) 
and low initial concentration ofMHM «40 ppm) was favoured by the abundance ofunoccupied 
active sites on the surface of AIglTi02IFe-2 which led to more adsorption of metal ions onto 
AIgffi021Fe-2 surface (Tao et al., 2009). 
However, at both higher contact time and initial concentration of MHM, more metal 
ions would be adsorbed to the active sites on AIglTi02IFe-2 surface consequently leading to 
the electrostatic repulsion between the metal ions. As been explained previously, the desorption 
of metal ions back to the solution resuits in the decreasing percentage removal (Goel et aI., 
2005). 
At 75 min and an initial MHM concentration of 40 ppm, highest removal percentages 
were attained for all three metal ions investigated. The removal of Pb(II), Cu(lI) and Cr(IU) 
ions were 99.9%,96.6%, and 93.8%, respectively. It appeared that Cr(lII) ions showed slightly 
lower percentage removal compared to the other two individual ions present in the solution 
mixture. This behaviour could be related to the different degrees ofhydration of the metal ions 
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Figure 4.20: 3D response surface plots that show the effects of contact time and initial 
concentration on the removal of (a) Pb(II), (b) Cr(III), and (c) Cu(lI) by 
AIg/Ti02/Fe-2 beads 
The highest degree of hydration held by Cr(IlI) ions led to the stronger binding energy 
than Pb(lI) and Cu(lI) ions (Rearte et al., 2013). Consequently, it resulted in the poor adsorption 
efficiency ofCr(III) ions to the active sites of Alg/Ti021Fe-2 surface (Wang et al., 2016). It is 
known that at a lower degree of hydration of the metal ions precursor, it is easier for the cation 
to detach from the hydration shell. Hence, it would be more favored for adsorption 
process (Tansel et al., 2006). 
Therefore, high percentage removal of metal ions (>68.0%) from aqueous solution can 
be achieved at a very short contact time (30 to 75 min) and at initial MHM concentrations of 
20 to 40 ppm using AIg/Ti02IFe-2 beads. These two independent variables, initial concentration 




4.9.3 Combined Effect between pH and MHM Initial Concentration 
In Figure 4.21, the 3D surface plots demonstrate the effect of the solution pH (4.00 to 
7.00) and the initial concentration (20 to 60 ppm) on the removal ofMHM at a contact time of 
75 min. Although the percentage removal of all metals, Pb(lI) (Figure 4.2Ia), Cr(lI) (Figure 
4.21b) and Cu(lI) (Figure 4.21c) increased from 20 to 40 ppm at the pH range of 4.00 to 6.25. 
The removal percentages of these metal ions somewhat decreased when the initial concentration 
was raised up to 60 ppm for the same pH range (Figure 4.21). At lower initial concentration of 
MHM (20 to 40 ppm), there were more active sites available on the surface of AIg/Ti02/Fe-2 
surface thus leading to higher adsorption of metal ions. On the other hand, at higher initial 
concentration (e.g., 60 ppm) there is a higher tendency for the surface of the AIglTiOvFe-2 
beads to be saturated due to high concentration ofmetal ions leading to desorption ofmetal ions 
from the adsorbents' surface and eventually contributing to the decreasing removal percentage 
The highest removal of all the metal ions in the mixture was observed at an initial 
concentration of 40 ppm and at pH 5.50. The removal of Pb(II), Cu(II), and Cr(lll) ions were 
99.9%,96.6%, and 93.8%, respectively. Further increase in the initial concentration from 40 to 
60 ppm and pH from 5.50 to 7.00 caused the percentage removal ofPb(lI) ions and Cu(lI) ions 
to decrease. But in the case of Cr(lll) ions, the removal percentage constantly increased up to 
99.8% at pH 7. As mentioned previously, at pH 7.00, the precipitation of the metal ions was 
most likely to occur. Cr(lll) ions may react with OH- groups to form chromium precipitate, 
(Cr(OH)3 (Djellabi et al., 2016). Hence, at pH 7.00, it can be assumed that the high percentage 
removal of Cr(lll) ions was not due to the photocatalysis effect but as a result of due Cr(lll) 
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Figure 4.21: 3D response surface plots that show the effects ofpH and initial concentration 
on the removal of (a) Pb(II), (b) Cr(III), and (c) Cu(II) by Alg/Ti02lFe-2 
beads 
As for Pb(II) and Cu(II) ions, the observed decrease in their removal percentages at 
increasing initial concentration could be attributed to the electrostatic repulsion effect between 
the metal ions (Antonopoulou et al., 2017). MHM were assumed to have a strong electronic 
attraction for the adsorption due to the magnetic property of iron oxide in Alg/Ti02lFe-2 beads 
(Kolodynska et al., 20 14). Therefore, even at pH<pHpzc of Alg/Ti02/Fe-2, high MHM removal 
percentage (-90.0%) was observed. This condition could lead to the early saturation of 
AlglTi02lFe-2 surface and causes the MHM removal percentage to decrease as the pH of the 
solution was further increased from 5.50 to 7.00. The interaction between the solution pHs and 
the MHM initial concentrations revealed that both parameters significantly governed the 
adsorption and the photocatalytic removal of metal ions in aqueous solution. 
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4.9.4 Numerical Optimization 
Aforementioned in section 4.4.4, the aim of this study was to detennine the optimized 
conditions that maximize the MHM removal in the aqueous solution. Therefore, in the 
numerical optimization, the desired goal for each factor and response was chosen. The 
independent variables such as MHM initial concentration, contact time and pH were chosen to 
be in "in range". The values predicted by the RSM models were then tested. Under optimized 
conditions, the removal of Pb(II), Cr(IlI) and Cu(II) ions were 99.6%, 98.6%, and 98.4%, 
respectively (Table 4.9). 
Table 4.9: Optimized conditions given by RSM for MHM removal using AIglTi02/Fe-2 beads 
Initial Contact pH MHM Removal (%) 
concentration time Actual Predicted 
(ppm) (min) 
Pb(II) Cr(HI) Cu(II) Pb(II) Cr(III) Cu(II) 
44 72 6.8 99.6 98.6 98.4 100.0 100.0 100.0 
4.10 Comparison of Efficiency and Recycling Study for MHM Removal 
MHM removal was also studied under different conditions likewise MB. Blank beads 
and Ti02 in slurry fonn was applied for MHM removal under UVC at optimized conditions as 
suggested by RSM (Table 4.9). The comparison of results obtained for the removal of Pb(II), 
eu(II) and Cr(II) ions under all investigated conditions are presented in Figure 4.22. Slurry 
form of Ti02 appeared to be superior for MHM removal compared to the other investigated 
conditions. Application of slurry Ti02 yielded 99.4% for Cu(II), 99.3% for Cr(IlI) and 99.9% 
for Pb(II) removal while AIglTi02/Fe-2 beads yielded 98.4% for Cu(II), 98 .6% for Cr(lII) and 
99.6% for Pb(II). The efficiency of AIglTi02iFe-2 beads in removing heavy metal ions under 
uve was comparable to the slurry Ti02 as can be seen in Figure 4.22. This is somewhat 
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expected as Ti02 slurry is known to demonstrate higher photocatalytic efficiency compared to 
the immobilized form of Ti02 (AlglTi02IFe-2) due to the higher absorption of UV irradiation 
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Figure 4.22: Performance comparison between AlglTi02/Fe-2 under UYC, sunlight and dark 
condition with Ti02 slurry, MHM only, Alg-5% beads, Ti021Alg beads, 
MNPs/Alg beads in removing MHM (initial concentration of MHM: 44 ppm; 
dark equilibration time: 30 min; UYC irradiation time: 1 hand 12 min; sunlight 
exposure: 1 hand 12 min, adsorbent: 0.006 glmL 
As recovery of the fine nanosized Ti02 is rather tedious owing to its fine particles, 
AlglTi02lFe-2 beads, on the other hand, offers a convenient solution by allowing its recovery 
an external magnetic field. Despite the absence of AIglTi021Fe-2 beads, removal 
percentages of Pb(II), Cr(lll) and Cu(lI) ions were high with 97.2%, 97.2% and 96.9%, 
respectively. Due to the fact that pH of the treatment condition was adjusted to the optimized 
pH 6.8 (Table 4.9), some of the metal ions would have been existed in their precipitate forms 
and subsequently contributed to the removal of the metal ions via precipitation (Li et aI., 2013). 
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The metal ions removal efficiencies by MNPs/Alg beads were 99.8% for Pb(II), 98.7% 
for Cr(lll) and 98.6% for Cu(II) ions. This finding revealed that strong magnetic property of 
MNP/Alg beads enhanced the adsorption process of MHM in aqueous solution as metal ions 
can be attracted to the strong magnetic property (Li et at., 2014) in addition to the presence of 
Alg which is also known as a good natural adsorbent (Kanakaraju et at., 2017). Additionally, 
the high surface area ofMNPs (as mentioned in Section 4.7.1) would also have contributed to 
the great adsorption efficiency. 
Alg-5% and Ti021Alg facilitated higher removal of Pb(II) ions, 97.9% and 98.8%, 
respectively but slight decreased in the removal percentages for Cr(Ill) (90.2% for Alg-5% and 
93.2% Ti02/Alg) and Cu(IJ) ions (88.6% for Alg-5% and 92.6% Ti02/Alg). As been discussed 
in section 4.9.1, the low degree of hydration of Pb(II) precursor made Pb(ll) ions to be easily 
adsorbed to the surface of both adsorbents and thus contributed to the high removal percentage 
simultaneously. 
When the perfonnance efficiency ofAlglTi02/Fe-2 beads was compared between UVC, 
dark and sunlight, the fonner appeared to be better than the other two conditions. This could be 
associated to the high photogenerated electrons by Ti02 when exposed under UVC irradiation, 
the shortest wavelength irradiation with 254 nm (Yang et at., 2017; Ali & Kim, 2018). The 
metal ions will be then reduced to their elemental fonns by the photogenerated electron (Lee et 
al., 2003). In the case of MHM removal by AIglTi02/Fe-2 beads under sunlight, this photon 
source aided the MHM removal despite a slight discrepancy (less than 20.0%) when compared 
to its perfonnance under UVC irradiation. It is known that sunlight intensity vary from time 
and days unlike UV light which only depends on its lifetime (Cho et at., 2007). It is believed 
that differences in the light intensity and surface area of the reaction medium exposed to both 
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photon sources would have caused the slight difference observed in the metals removal 
efficiency. Even though the order ofthe metal ions removal for both cases were similar, marked 
decline was however observed for Cr(lH) and Cu(lI) ions under sunlight (Figure 4.22) . This 
could probably due to different extent of adsorption ability of these ions on the surface of the 
AIg/Ti02IFe-2 beads or due to different interactions that took place between the metals ions in 
the solution mixture when exposed under direct sunlight mainly due to different light intensity. 
Based on Figure 4.22, the efficiency of AIglTi02IFe-2 beads to remove heavy metal ions under 
dark condition was apparent whereby 97.9%, 88.8% and 88.7% was obtained for Pb(II), Cr(lll), 
and Cu(lI) ions, respectively. This finding thus confirmed that adsorption plays an integral part 
in facilitating the removal of heavy metals from the mixture solution under the investigated 
conditions. 
Catalytic stability of a photocatalyst upon consecutive treatment cycles would indicate 
its sustainability for an application. Accordingly, AIglTi02IFe-2 beads which were recovered 
from the first MHM photocatalytic treatment was washed repeatedly using distilled water 
before being tested for the same application for two consecutive cycles. Figure 4.23 illustrates 
the recyclability of AIglTi02/Fe-2 for 3 cycles of MHM removal study. No apparent 
deterioration in term of the removal percentages was observed between the cycles. Pb(lI) 
displayed a slight increment in the second cycle likely due to higher affinity of Pb(II) for 
adsorption compared to the other metal ions. Thus, the performance of AIglTi02/Fe-2 beads in 
removing MHM in aqueous solution remained unaltered up to three cycles indicating its 
stability when reused continuously. 
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Figure 4.23: Recycling study of optimized AIglTi02IFe-2 beads for MHM removal 
4.11 Application of AlglTi02/Fe-2 Beads to Remove Heavy metals in River Water 
In order to determine the ability of AIglTi02/Fe-2 beads to remove heavy metals in real 
water, river water sample was chosen. MHM solution was prepared using river water and 
according to the RSM optimized conditions. Prior analysis on the sampled river water showed 
no presence ofPb(ll) and Cr(Ill) while, CU(Il) was detected in a low concentration, 0.005 ppm 
(Table 3.6). The efficiency of AIglTi02/Fe-2 beads to remove heavy metal ions in river water 
under DVC irradiation, sunlight, and dark was compared with the removal of metal ions in river 
water without the presence of AIglT i02/Fe-2 under DVC (Figure 4.24). 
The removal trend was somehow consistent for all investigated conditions with removal 
percentages above 97.0%. As the river water contained dissolved salts such as Cl-, it might 
react with the metal ions such as Pb(ll) to form PbCI, a precipitate form of salt thus increasing 
their removal (Corsi et at., 2010). However, since the optimized pH is 6.80, close to neutral pH, 









Figure 4.24: Comparison of MHM removal in river water samples under optimized RSM 
conditions 
4.12 Proposed Mechanism of MHM Removal by AIglTi02/Fe-2 Beads 
Based on the obtained findings, MHM removal can be postulated to be favoured 
primarily by three processes namely adsorption, photocatalytic reduction, and precipitation. 
Likewise MB, the heavy metal ions in the solution mixture were also adsorbed either via 
inclusion in their Alg layer (Eq. 4.18) or by ion-dipole interactions with the tenninal hydroxy 
groups (Ti-OH) of titania particles (Eq. 4.19). 
MHM(aq) =; MHM@Alg/TiOz/Fe - 2(Alg) (4.18) 
MHM(aq) =; MHM@Alg/Ti02 /Fe - 2(Ti02 ) (4.19) 
The shortwave UVC light source (254 nm) provide high energy greater than the band 
gap energy of Ti02. Hence, upon the UVC light absorption, Ti02 generates electron-hole pairs 
which are responsible for the reduction of metal ions in the aqueous solution. The metal ions 
then underwent photocatalytic reduction as proposed in the following equations (Eqs. 4.20 to 







Thennodynamic analysis evidenced that Ti02 is not capable of reducing Cr(IlI) ions to 
Cr(O) metal (Wang et at., 2004). As such, the removal of Cr(lll) ions was most likely to be 
attributed to the adsorption as well as precipitation. As the solution pH was increased from 4.00 
to 7.00, more OR groups were present and thus enhanced the hydrolysis of Cr(lll) ions and 





CONCLUSION AND RECOMMENDATIONS 
A new adsorbent material with combined adsorption, photocatalytic and magnetic 
properties has been successfully synthesised. Ti02 photocatalysts were successfully 
immobilized on the surface of Alg, while MNPs were incorporated into Alg beads. Therefore, 
the Alg can act as a potential candidate to prevent the direct contact between Ti02 and MNPs. 
The performance of the nanocomposite material in removing MB and MHM from water can be 
altered or fine-tuned by varying the synthesis conditions because they have a direct effect on 
the material. Based on the RSM optimization, 97.2% of MB was removed at an initial MB 
concentration of 5 ppm at pH 10 after 120 min using AIglTi02IFe-2 beads. For MHM removal, 
99.5%, 98.6%, and 98.4% of Pb(U), Cr(lll) and Cu(U) ions removal was observed at an initial 
MHM concentration of 44 ppm and at pH 6.8 after 72 min using AlglTi02lFe-2 beads. 
The ANOV A results revealed that initial MB concentration was the most influential 
parameter for the removal ofMB molecules. While, it was found that solution pH was the most 
influential parameter for the MHM removal. Based on the recycling study, AlglTi02/Fe-2 beads 
can be easily separated from the reaction medium and reused up to 3 consecutive cycles 
indicating its stability and sustainable performance. The MHM removal in the river water 
demonstrated that AlglTi02lFe-2 beads are suitable for water loaded with multi-heavy metals. 
Alg as a prospective adsorbent in nanocomposite preparation should be pursued and 
future study should be focused on the arising degradants. Besides, this study should be extended 
to improve the photocatalytic activity of Ti02 by varying the ratio of Ti02 with respect to Alg 
and Fe304 or incorporate other semiconductors such as zinc oxide (ZnO) and silicon dioxide 
(Si02) instead of Ti02 with the Fe304 and Alg. The treatment of real industrial wastewater 
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should also be conducted by using the prepared magnetic photocatalyst nanocomposite, in order 
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Appendix 1: SEM micrograph of other synthesized beads (a) AIg/Ti02/Fe-l, (b) AIg/Ti02IFe­
3, and (c) AIg/Ti02IFe-4 (5000 x magnification) 
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Appendix 3: Raw data for the adsorbent dosage study of on MB Removal by using 
AIg/Ti02IFe- 1 (a) 0.1 g, (b) 0.2 g, (c) 0.4 g, (d) 0.6 g 
(a) 0.1 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 85.52 85.48 85.59 85.53 0.058 0.033 
T30 89.32 89.35 89.39 89.35 0.033 0.019 
T60 87.21 87.04 87.04 87.10 0.094 0.054 
T90 89.35 89.30 89.24 89.30 0.053 0.031 
T120 93.18 93.40 93.64 93.41 0.227 0.131 
154 
.Jb}0.2g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 77.26 77.22 77.21 77.23 0.024 0.014 
T30 85.98 85.43 85.57 85.66 0.287 0.166 
T60 90.60 90.60 84.66 88.62 3.434 1.983 
T90 84.51 84.59 84.63 84.58 0.060 0.035 
T120 85.93 85.93 85.61 85.82 0.182 0.105 
{c} 0.4 g 
Time (min) Re~licate Average SD SE 
1 2 3 

To 78.52 78.47 78.44 78.48 0.037 0.021 
T30 82.68 82.68 82.68 82.68 0.004 0.002 
T60 81.12 81.11 81.08 81.10 0.022 0.013 
T90 84.18 84.10 84.13 84.14 0.042 0.024 
T120 85.20 85.20 85.22 85.20 0.011 0.007 
(d) 0.6 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 74.15 74.02 73.99 74.05 0.081 0.047 
T30 77.08 77.13 77.18 77.13 0.051 0.030 
T60 81.78 81.89 81.79 81.82 0.061 0.035 
T90 83.07 83.12 83 .09 83.09 0.026 0.015 
Tl20 88.40 88.30 88.04 88.25 0.186 0.107 
Appendix 4: Raw data for the adsorbent dosage study of on MB Removal by using 
AIg/Ti02/Fe-2 {a} 0.1 g, {b} 0.2 g, {c} 0.4 g, {d} 0.6 g 
{a} 0.1 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 83.69 83.45 84.57 83.90 0.590 0.341 
T30 83.74 83.37 83.74 83.61 0.212 0.122 
T60 87.03 87.43 87.03 87.16 0.230 0.133 
T90 90.54 90.18 90.54 90.42 0.206 0.119 
T120 95.02 94.29 93 .02 94.11 1.015 0.586 
(b} 0.2 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 88.72 89.02 88.49 88.75 0.268 0.155 
T30 93.92 92.89 93 .92 93.57 0.594 0.343 
T60 81.93 81.93 94.70 86.19 7.373 4.257 
T90 94.96 94.96 94.99 94.97 0.018 0.010 
T120 97.61 97.53 97.61 97.59 0.050 0.029 
(c} 0.4 g 
Time (min) Re~licate Average SD SE 
1 2 3 
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To 73.19 84.20 83.45 80.28 6.154 3.553 
T30 78.70 78.26 78.70 78.55 0.255 0.147 
T60 81.74 81.48 81.74 81.65 0.146 0.084 
T90 82.73 82.34 82.73 82.60 0.223 0.129 
TI20 82.22 82.28 82.26 82.25 0.031 0.018 
{d} 0.6 g 
Time (min) Re~licate Average SD SE 
1 2 3 

To 78.61 78.62 78.93 78.72 0.182 0.105 
T30 78.19 78.14 78.29 78.21 0.075 0.043 
T60 84.82 84.95 84.82 84.87 0.075 0.043 
T90 89.39 89.39 89.37 89.38 0.015 0.009 
T120 93.77 93.77 93.75 93.76 0.007 0.004 
Appendix 5: Raw data for the adsorbent dosage study of on MB Removal by using 
Alg1Ti02lFe-3 (a) 0.1 g, (b) 0.2 g, (c) 0.4 g, (d) 0.6 g 
(a} 0.1 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 72.50 72.97 71.68 72.38 0.658 0.380 
T30 77.27 75.99 76.04 76.43 0.724 0.418 
T60 75.64 72.58 72.69 73.64 1.735 1.002 
T90 76.21 74.30 74.15 74.89 1.148 0.663 
T120 82.83 79.76 79.90 80.83 1.731 0.999 
{b) 0.2 g 
Time (min) Re~1icate Average SD SE 
1 2 3 
To 72.18 71.81 71.68 71.89 0.259 0.150 
T30 83.69 83.40 83.58 83.55 0.150 0.086 
T60 78.93 78.80 76.92 78.21 1.126 0.650 
T90 81.33 81.33 81.26 81.31 0.040 0.023 
T120 80.86 81.10 80.90 80.95 0.131 0.075 
{c) 0.4 g 
Time (min) Re~licate Average SD SE 
1 2 3 

To 82.12 76.07 75.63 77.94 3.622 2.091 
T30 76.61 76.87 76.61 76.70 0.149 0.086 
T60 80.72 80.46 80.46 80.55 0.149 0.086 
T90 97.40 97.40 97.37 97.39 0.016 0.009 
TI20 82.43 82.34 81.57 82.11 0.474 0.274 
{d} 0.6 g 
Time (min) Re~licate Average SD SE 
1 2 3 
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To 76.45 76.33 75.51 76.10 0.510 0.294 
T30 76.93 76.21 77.69 76.94 0.744 0.430 
T60 80.26 80.22 80.22 80.23 0.023 0.014 
T90 81.87 81.85 81.87 81.86 0.014 0.008 
T120 83.19 83.26 83.04 83.16 0.112 0.065 
Appendix 6: Raw data for the adsorbent dosage study of on MB Removal by using 
AIgffi021Fe-4 (a) 0.1 g, (b) 0.2 g, (c) 0.4 g, (d) 0.6 g 
(a) 0.1 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 63.97 64.08 63.05 63.70 0.566 0.327 
T30 67.23 67.23 67.08 67.18 0.085 0.049 
T60 63 .57 62.83 64.16 63.52 0.669 0.386 
T90 75.94 75.94 75.88 75.92 0.036 0.021 
TI20 77.20 77.58 76.38 77.05 0.614 0.354 
(b) 0.2 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 69.09 74.12 69.09 70.77 2.905 1.677 

T30 81.38 81.36 81.28 81.34 0.051 0.030 

T60 85.49 85.00 84.49 84.99 0.504 0.291 

T90 82.00 81.44 82.17 81 .87 0.384 0.222 

T120 87.01 86.34 86.35 86.57 0.387 0.224 

(c) 0.4 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 60.59 60.16 60.11 60.29 0.266 0.154 
T30 70.73 70.94 70.34 70.67 0.305 0.176 
T60 73.50 73.41 73.11 73.34 0.204 0.118 
T90 75.58 74.91 75.57 75.35 0.387 0.223 
Tl20 89.26 89.61 88.93 89.27 0.340 0.196 
(d) 0.6 g 
Time (min) Re~licate Average SD SE 
1 2 3 
To 76.36 76.03 72.78 75.06 1.980 1.143 
T30 78.21 78.15 77.57 77.97 0.355 0.205 
T60 80.00 79.98 79.55 79.84 0.254 0.147 
T90 82.80 83.04 82.27 82.70 0.395 0.228 
TI20 86.42 86.55 86.55 86.50 0.075 0.043 
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Appendix 8: Raw data for MB removal by using Alg/Ti02/Fe-2 in aqueous solution under 
different conditions 
(a} MB alone 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
Tl20 65.92 62.72 65.92 64.85 1.8499 1.0680 
{h) Alg-5% 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 31.53 37.26 74.09 47.63 23.099 13.336 

(c) Ti02/Alg 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 49.22 49.22 49.11 49.18 0.068 0.039 
(d) MNPsIAig 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 

TI20 70.66 70.66 73.83 71.71 1.830 1.057 

(e} Ti02 slurr~ 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 




1 2 3 Average 
(%} 
TI20 99.85 99.83 99.83 99.84 0.010 0.006 
(g} AIg/Ti02/Fe-2 under dark 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 37.54 37.52 37.57 37.54 0.026 0.015 
(h) AIWTi02IFe-2 under UV 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 97.2 97.2 97.2 97.2 0.004 0.003 
Appendix 9: Raw data for the recycling study on MB removal by using Alg/Ti02/Fe-2 
~a} First c;ycle 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 93.0 93.2 93.2 93.1 0.097 0.056 
(b) Second c;ycle 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 87.7 87.7 87.7 87.7 0.007 0.004 
(c) Third c;ycle 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
TI20 87.7 89.2 88.6 88.5 0.776 0.448 
Appendix 10: Raw data for the adsorbent dosage study of Pb(II) ions removal by using 
AIg/Ti02/Fe-2 
(a) 0.1 g 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
To 54.7 53.9 54.8 54.5 0.52479 0.30299 
Tl20 59.6 61.0 59.6 60.1 0.81858 0.47261 
(b) 0.2 g 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
To 58.2 58.8 58.0 58.3 0.433 0.250 
TI20 68.3 68.6 68.3 68.4 0.188 0.109 
(c} 0.4 g 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
To 65.1 65.8 65.1 65.3 0.40418 0.23335 
TI20 80.9 80.8 80.7 80.8 0.12816 0.07399 
(d} 0.6 g 
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Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
To 75.0 75.2 75.8 75.3 0.400 0.231 

T120 90.0 89.7 90.0 89.9 0.152 0.088 























(f) 1.0 g 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 

To 74.1 73.6 73.9 73.8 0.24111 0.1392 

TI20 93.8 93.8 93.8 93.8 0.01893 0.01093 

Appendix 11: Raw data for the adsorbent dosage study of Cr(Ill) ions removal by using 
AlgITi02/Fe-2 






















(b) 0.2 g 
Time (min) Re~!icate (%) Average SD SE 
1 2 3 (%) 
To 48.3 48.2 47.8 48.1 0.25658 0.14814 
TI20 48.9 48.5 49.3 48.9 0.40104 0.23154 
(c) 0.4 g 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
To 49.7 49.7 49.6 49.6 0.07638 0.0441 
TI20 51.1 51.3 51.5 51.3 0.23785 0.13733 
(d) 0.6 g 
Time (min) Reelicate (%) Average SD SE 
I 2 3 (%) 
To 50.1 50.2 50.2 50.2 0.03055 0.01764 
Tl20 53.7 53.3 53.2 53.4 0.22322 0.12887 






















(!) 1.0 g 
Time {min} Re~licate (%) SD SE 
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1 2 3 Average 
(%} 
To 12.3 10.7 12.3 11.8 0.910 0.525 
TI20 31.0 32.1 31.7 31.6 0.535 0.309 
Appendix 12: Raw data for the adsorbent dosage study of eu(II) ions removal by using 
A1g1Ti02/Fe-2 
(a) 0.1 g 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
To 50.41 49.5 50.485 50.1317 0.548 0.317 
Tl20 49.5 49.75 49 49.4167 0.382 0.220 
{h} 0.2 g 
Time (min) Re~licate {%} Average SD SE 
1 2 3 (%) 
To 49.3 49.4 49.3 49.33333 0.058 0.033 
Tl20 49.3 49.55 49.8 49.55 0.250 0.144 
{c} 0.4 g 
Time (min) Re~licate {%) Average SD SE 
1 2 3 (%) 
To 50.01 50.22 50 50.0767 0.124 0.072 
Tl20 52.5 52.26 52.17 52.31 0.171 0.098 
(d} 0.6 g 
Time (min) Re~licate {%} Average SD SE 
1 2 3 (%) 
To 52.1 51.8 52.5 52.1 0.355 0.205 
Tl20 55.6 56.1 55.7 55.8 0.245 0.141 
(e} 0.8 g 
Time (min) Re~licate {%} Average SD SE 
1 2 3 (%) 
To 10.5 9.1 10.5 10.0 0.751 0.433 
T120 24.1 23.7 24.1 24.0 0.218 0.126 
(!) 1.0 g 
Time (min) Re~licate Replicate Average SE 
1 2 3 (%) (%) 
To 14.0 12.9 14.4 13.7 0.785 0.453 
Tl20 40.2 40.7 39.9 40.2 0.382 0.220 
Appendix 13: Pb(II) ions removal by using A1g1Ti02IFe-2 in aqueous solution under different 
conditions 
(a) MHM alone 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 




Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
T72 97.9 97.9 97.9 97.9 0.018 0.011 

(c) Ti02/Alg 
Time (min) Re~licate {%) Average SD SE 
1 2 3 (%) 
T72 98.8 98.8 98.8 98.8 0.005 0.003 

{d) MNPslAlg 
Time (min) Re~licate (%) Average SO SE 
1 2 3 (%) 

T72 99.8 99.8 99.8 99.8 0.001 0.001 

(e) Ti02 slurr~ 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
T72 99.9 99.9 99.9 99.9 0.004 0.002 

(!) Alg/Ti02/Fe-2 under sunlight 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
T72 95.2 95.3 95.4 95.3 0.084 0.049 

(g) Alg/Ti02/Fe-2 under dark 
Time (min) Re~licate {%) Average SO SE 
1 2 3 (%) 
T72 97.9 97.9 97.9 97.9 0.010 0.006 

(b) AIg/Ti02IFe-2 under UV 
Time (min) 	 Re~licate (%) Average SO SE 
1 2 3 (%) 
T72 99.6 99.6 99.6 99.6 0.003 0.002 

Appendix 14: Cr(Ill) ions removal by using AIg/Ti02IFe-2 in aqueous solution under different 
conditions 
(a) MHM alone 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
T72 97.2 97.1 97.3 97.2 0.114 0.066 

(h} Alg-5% 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
T72 90.3 90.0 90.2 90.2 0.171 0.099 

(c) Ti02/Alg 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
T72 93.1 93.0 93.4 93.2 0.196 0.113 

{d) MNPs/Alg 
Time (min) Re~licate (%) 	 SO SE 
162 

1 2 3 Average 
(%) 
Tn 79.9 79.6 79.8 79.8 0.155 0.090 
(g} Algffi02/Fe-2 under dark 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
Tn 88.6 88.8 88.6 88.7 0.082 0.047 
{h} AlgffiOUFe-2 under UV 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
Tn 98.4 98.4 98.4 98.4 0.014 0.008 
Appendix 16: Raw data for the recycling study on Pb(lI) ions removal by using AIg/Ti02/Fe­
2 
(a} First c~cIe 
Time (min) Re~licate ~%) Average SD SE 
1 2 3 (%) 
Tn 98.5 98.6 98 .7 98.6 0.107 0.062 
{b} Second c~cIe 
Time (min) Reelicate (%) Average SD SE 
1 2 3 (%) 
Tn 99.7 99.7 99.6 99.6 0.004 0.002 
{c} Third c~cIe 
Time (min) Re~licate Average SD SE 
1 2 3 
Tn 98.7 98.8 98.8 98.8 0.036 0.021 
Appendix 17: Raw data for the recycling study on Cr(lll) ions removal by using AIg/Ti02IFe­
2 
{a} First c~cIe 
Time (min) Re~licate (%} Average SD SE 
1 2 3 (%) 
Tn 98.7 98.8 98.7 98.7 0.026 0.015 
(b} Second c~cIe 
Time (min) Re~licate {%} Average SD SE 
1 2 3 (%) 
Tn 97.8 98.0 97.8 97.9 0.065 0.038 
(c} Third c~cIe 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
Tn 98.6 98.5 98.5 98.6 0.064 0.037 
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Appendix 18: Raw data for the recycling study on Cu(II) ions removal by using AIglTi02/Fe­
2 
(a) First c~cle 
Time (min) 	 Re~licate (%) Average SO SE 
1 2 3 (%) 
T120 98.5 98.5 98.6 98.6 0.032 0.019 

(b) Second c~cle 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
T120 97.9 97.9 98.0 97.9 0.050 0.029 
(c) Third c~cle 
Time (min) Re~licate (%) Average SO SE 
1 2 3 (%) 
T1 20 98.2 98.2 98.1 98.2 0.034 0.020 

Appendix 19: Raw data for Pb(II) ions removal for the application of AIglTi02/Fe-2 in MHM 
river water 
(a) River water alone 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
Tn 97.2 97.2 97.2 97.2 0.032 0.018 
(b) Alg/Ti02/Fe-2 under sunlight 
Time (min) Re~licate (%) Average SO SE 
1 2 3 (%) 
Tn 99.6 99.6 99.6 99.6 0.015 0.009 
(cl AlglTi02/Fe-2 under dark 
Time (min) Re~licate (%l Average SD SE 
1 2 3 (%) 
Tn 99.2 99.2 99.2 99.4 0.368 0.213 
(d) AlglTi02/Fe-2 under UV 
Time (min) Re~licate (%) 	 Average SO SE 
1 2 3 (%) 

Tn 99.9 98.5 99.8 99.4 0.798 0.461 
Appendix 21: Raw data for Cr(IlI) ions removal for the application of AIglTi021Fe-2 in MHM 
river water 
(al River water alone 
Time (min) Re~licate (%) Average SD SE 
1 2 3 (%) 
Tn 97.7 97.7 97.7 97.2 0.026 0.015 
(b) AlglTi02/Fe-2 under sunlight 
Time (min) Re~licate (%) SO SE 
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1 2 3 Average 
{%} 
Tn 99.6 99.6 99.6 99.6 0.002 0.001 
{c} AlglTi02/Fe-2 under dark 
Time (min) Re~licate {%) Average SD SE 
1 2 3 (%) 
Tn 99.7 99.7 99.7 99.7 0.003 0.002 
{d) AIg/Ti02/Fe-2 under UV 
Time (min) Re~licate {%) Average SD SE 
1 2 3 (%) 
Tn 99.4 99.1 99.1 99.2 0.207 0.120 
Appendix 22: Raw data for eu(II) ions removal for the application of AlglTi02lFe-2 in MHM 
river water 
{a} River water alone 
Time (min) Re~licate {%) Average SD SE 
1 2 3 (%) 
Tn 97.8 97.8 97.8 97.8 0.008 0.005 
{b) Alg/Ti02/Fe-2 under sunlight 
Time (min) Re~licate {%} Average SD SE 
1 2 3 (%) 
Tn 99.6 99.6 99.6 99.6 0.004 0.002 
(c~ AIg/Ti02/Fe-2 under dark 
Time (min) Re~Jicate (%) Average SD SE 
1 2 3 (%) 
Tn 99.7 99.7 99.7 99.7 0.014 0.008 
{d} Alg/Ti02/Fe-2 under UV 
Time (min) Re~licate {%} Average SD SE 
1 2 3 (%) 
Tn 100.0 97.9 97.9 98.6 1.200 0.693 
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